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ABSTRACT 
 
Background: Most activities of daily living and numerous modes of physical activity 
incorporate some form of ambulation, of which the foot and ankle constitute the first link in 
the kinetic chain. A change in foot or ankle structure may therefore have subsequent effects 
on the superincumbent joints of the human body such as the knee, hip and lower back. 
Plantar pressure and impulse measurements can therefore provide greater insight into the 
mechanics of the foot under load-bearing conditions with regards to the areas and regions of 
the foot that exhibit the largest pressure values and impulse figures. Hence, it is of 
importance to establish normative data so as to obtain a frame of reference to identify those 
individuals that fall outside these norms and may exhibit a larger probability of injury.  
Aim and Objectives: The primary aim was to identify and compare the plantar pressure 
distribution patterns and impulse values of students of a South African university of different 
gender and race groups. To realise this aim two specific objectives were set. The first was to 
determine whether height, weight, body mass index (BMI), gender, race, and the level of 
physical activity were related to the pressure and impulse values obtained, and the second 
was to generate reference tables from the normative data gathered. 
Method: The RS Footscan system was used to measure the pressure and impulse values of 
the foot. The characteristics that were analysed were height, weight, body mass index and the 
level of physical activity of the participant and their respective association with plantar 
pressure and impulse values obtained. This information was then used to establish normative 
data. 
A quasi-experimental study design utilising convenience sampling was implemented as the 
intention was to investigate as single instance in as natural a manner as possible. 
Convenience sampling was used with predefined inclusion and exclusion criteria. 
A total of 180 participants were utilised in this study and were subdivided as follows: 
 Gender: Males (n = 90); Females (n = 90).  
 Race: African black (n = 60); white (n = 60) and coloured (n = 60).  
 
Each race group therefore comprised of 30 males and 30 females respectively. The 
anthropometric profile of participants was as follows: 
xv 
 
 
 Age (S.D.) = 22.21 (S.D. ± 2.93) years.  
 Height (S.D.) = 169.69 (S.D. ± 8.91) cm. 
 Weight (S.D.) = 66.97 (S.D. ± 12.01) kg. 
 BMI (S.D.) = 23.16 (S.D. ± 3.15) kg/m2. 
 
Participants were asked to complete a questionnaire prior to testing that would identify all 
exclusion criteria consisting of: the presence of foot pain or deformity, acute lower extremity 
trauma, lower extremity surgery, exhibited problems of performance including eye, ear or 
cognitive impairment, diabetes mellitus or other neurological neuropathy, or the use of 
walking aids. Anthropometric measurements were then taken for those participants that 
qualified for the study. Participants were required to perform approximately five warm-up 
trials to familiarise themselves with the testing equipment before testing commenced. A total 
of ten successful trails were subsequently recorded for each participant, with three footprints 
being recorded per trial on the pressure platform, thereby comprising 30 footprints (15 left 
foot and 15 right foot) per participant that were analysed regarding pressure and impulse 
values. 
The two-step gait initiation protocol was implemented which was proven to be a valid and 
reliable means of assessing gait. Participants were instructed to walk at a comfortable 
walking speed between 1.19 – 1.60 m/s to ensure conformity between all participants as 
between-trial gait velocities were proven to be significantly variable. 
The foot was subdivided into ten anatomical areas focusing on the great toe, lesser toes, 
metatarsal 1, metatarsal 2, metatarsal 3, metatarsal 4, metatarsal 5, midfoot, medial heel and 
lateral heel. These ten areas were then grouped into one of three regions, namely the forefoot 
region (great toe, lesser toes, and all five metatarsal head areas), midfoot region (midfoot 
area), and rearfoot/heel region (medial and lateral heel areas). 
Once all relevant data was gathered, corrected and analysed it was used to establish 
normative data tables pertaining to the various gender and race groups. 
Results: Of the ten individual pressure and impulse areas, the second and third metatarsal 
heads demonstrated the highest mean peak pressure and impulse values. Once grouped into 
one of the three regions, the heel region was ascribed with the largest impulse and pressure 
values. 
xvi 
 
 
It was established that statistically and practically significant racial pressure differences were 
apparent in the left and right forefoot and midfoot regions, with black and coloured 
individuals yielding the highest values, whereas white participants yielded the lowest. The 
same was true with regards to impulse figures in that both statistical and practical significant 
levels were established in the forefoot and midfoot regions. Black and coloured participants 
exhibited larger impulse values than the white participants.   
The level of physical activity was found to be associated with both pressure and impulse 
values over the various regions of the foot. Black individuals that were largely inactive as 
well as moderately active coloured participants yielded the highest pressure and impulse 
values, which were found to be statistically and practically significant over the forefoot 
regions. Conversely, white participants of all physical activity levels as well as coloured 
participants of both low and high physical activity levels exhibited the lowest pressure values 
over the forefoot region, which were also found to be statistically and practically significant. 
The anthropometric variables of height, weight and BMI were found to relate statistically to 
pressure and impulse values under the various regions of the foot, but none were found to be 
of any practical significance (r < .30). 
Conclusion: It was clearly established that both gender and race specific differences existed 
regarding plantar pressure and impulse values of the normal foot. Plantar pressure and 
impulse values were also associated with the level of physical activity of the individual, 
thereby indicating that the level of physical activity could be a contributing factor to altered 
pressure and impulse values. Anthropometric variables such as height, weight and BMI could 
not solely account for the variances observed in pressure and impulse. Further research is 
required to determine whether pressure or impulse values above or below those obtained 
predispose an individual to injury and to contrast between various activity or sporting codes 
and the effect of these on plantar pressure and impulse figures. Finally, from the collected 
data one was able to establish reference tables for the specific gender and race groups for 
both plantar pressure and impulse values. This enables one to classify individuals based on 
the pressure and impulse values generated. 
Key words: Gender groups, race groups, pressure, impulse, South African university students. 
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1.1 INTRODUCTION 
The foot is considered the mediator between the body and the ground, thus its shape and 
structure affect the amount of pressure exerted on the plantar surface. Plantar pressure 
measurement can therefore provide, among others, direct information regarding the 
quality of the interaction of different structures of the foot and the ground which can be 
used as a means of foot type classification (Nakhaee, Rahimi, Abaee, Rezasoltani & 
Kalantari, 2008: 84). The measurement of impulse values are also important as it 
provides greater information on the rate of pressure distribution over a given area. This 
correlates to the degree of pronation or supination of the foot under dynamic conditions 
as it represents the rate of unlocking of the various tarsal joints (Prentice, 2009: 574 - 
576). Of interest are plantar pressure impulse values and how these are distributed within 
a population and how age, gender, race, height, weight, body mass index and the level of 
physical activity impact the plantar pressure values and impulse figures experienced on 
the plantar surface of the foot during normal gait. 
The entire lower extremity composes a closed kinetic chain, therefore a change in foot 
and ankle structure has subsequent effects on other joints such as the knee and hip, which 
may lead to several other acute or chronic pathological problems (Van Schie & Boulton, 
2000: 88; Nakhaee et al., 2008: 84 - 85). The typical injury rate for cadets of the United 
States Military ranged from two to seven per 1000 person years, with 49% of injuries 
being attributable to physical activity, 27% due to stair falls and 7% linked to walking on 
a level surface (Waterman, Owens, Davey, Zacchilli & Belmont, 2010: 2280).  
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There are various aspects of the foot that are central to the understanding of foot 
pressures and the mechanism of exertion on various anatomical structures. General 
insight of the anatomy of the foot is therefore essential in the understanding of how 
pressure is absorbed or dissipated so as to minimize the impact of forces on the various 
structures of the lower extremities, especially during gait (Donatelli, 1985: 91; Prentice, 
2009: 574 - 576).  
Measurements of plantar pressure provide an indication of foot and ankle function as the 
foot and ankle provide both the necessary support and flexibility for weight bearing and 
weight shifting (Orlin & McPoil, 2000: 399). There are various ways in which the foot 
can be classified and analysed based on foot morphology as well as the pressure and 
impulse values generated over the various load-bearing structures of the foot (Razeghi & 
Batt, 2002: 283 - 289), including: 
 Visual non-quantitative Inspection 
 Anthropometric values 
 Footprint Indices 
 Radiographic evaluation and 
 Measurements using criteria of foot function 
 
Of the abovementioned methods of foot pressure and impulse assessment some are 
deemed subjective and unreliable in terms of validity and repeatability (Cavanagh, 
Morag, Boulton, Young, Deffner & Pammer, 1997: 243; Razeghi & Batt, 2002: 283 - 
289; Redmond, Crane & Menz, 2008: 6). It is for this reason that force transducer 
platforms, such as the RS Footscan®, are commonly used to accurately and reliably 
assess the interaction between the foot and the supporting surface. The results from such 
an analysis can assist in determining and managing the impairments associated with 
various musculoskeletal, integumentary and neurological disorders (Orlin & McPoil, 
2000: 407; Hessert, Vyas, Leach, Hu, Lipsitz, & Novak, 2005: 2; Rai, Aggarwal & 
Bahadur, 2006: 25). 
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1.2 STATEMENT OF THE PROBLEM 
Research has found that dynamic foot pressure is related to several factors including, but 
not being limited to, age (Hessert et al., 2005: 8; Gefen, 2007: 223: ; Roislien, Skare, 
Gustavsen, Broch, Rennie & Opheim, 2009: 441), gender (Razeghi & Batt, 2002: 282; 
De Cock, Willems, Witvrouw, Vanrenterghem & de Clercq, 2006: 339), weight (Vela, 
Lavery, Armstrong & Anaim, 1998: 416 - 418; Hills, Henning, McDonald & Bar-Or, 
2001: 1675; Mickle, Steele & Munro, 2001: 44; Berschin, Weist & Sommer, 2002: 152; 
Birtane & Tuna, 2004: 1055), race (Razeghi & Batt, 2002: 282; Solano, Prieto, Varon, 
Moreno & Boulton, 2007: 505; Gurney, Kersting & Rosenbaum, 2009: 554; Putti, 
Arnold, & Abboud, 2009: 195; Waterman et al., 2010: 2279), physical activity (Razeghi 
& Batt, 2002: 282; Maluf & Mueller, 2003: 567; Willems, DeClercq, Delbaere, 
Vanderstraeten, DeCock & Witvrouw, 2006: 91; Scott, Menz & Newcombe, 2007: 68; 
Waterman et al., 2010: 2279; Rapoo, 2010: 14) and shoe wear (Jordan & Bartlet, 1995: 
215; Razeghi & Batt, 2002: 283;  Burnfield, Few, Mohamed & Perry, 2004: 78). 
South Africa consists of a diverse demographic data-set as indicated by the following 
percentages: black African 79%; white 9.6%; coloured 8.9% and Indian/Asian 2.5% 
(Statistics South Africa, 2009). The age and gender structure estimates are also 
represented with the following values and percentages:  
 0-14 years: 32.1% (Male 7.17 million/ Female 7.21 million). 
 15-64 years: 63% (Male 18.00 million/ Female 14.74 million). 
 >65 years: 4.9% (Male 0.8 million/ Female 1.39 million). 
 
Research regarding plantar pressure distribution patterns and foot structure of different 
race groups is scarce, hence a motivation exists for further research regarding the plantar 
pressure distribution patterns of different racial as well as gender groups, especially in a 
South African context. 
Gender differences pertaining to gait kinematics have been observed, specifically with 
females exhibiting greater knee extension and knee valgus during the stance phase of 
walking (Roislien et al., 2009: 441). It is also stated that males exhibit greater external 
rotation with regard to the foot progression angle, whereas women tend to exhibit greater 
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amounts of internal rotation (Roislien et al., 2009: 443). In terms of physiological gender 
differences men are typically heavier than women by an average of approximately 11kg 
by the onset of sexual maturity by virtue of the hormone testosterone (McArdle, Katch & 
Katch, 2007: 436 - 438). Consequently men have greater muscle mass and lower 
percentages of body fat compared to their female counterparts (McArdle et al., 2007: 
807). Presently no research exists in a South African context exploring whether 
differences exist with regards to pressure and impulse values between gender groups. 
Weight has been shown to influence peak pressures when looking at body mass index 
(BMI) values, specifically over the forefoot region of the foot (Birtane & Tuna 2004: 
1056). Other authors have found that weight increases plantar foot pressures over the first 
metatarsals, lesser metatarsals, midfoot as well as heel regions in both men and women 
(Vela et al., 1998: 418). To control for such influences a normal BMI range was 
prescribed for inclusion purposes for this study. 
It is necessary to take into account the age of participants as research has indicated age-
specific changes in plantar pressure distribution patterns (Roislien et al., 2009: 445). This 
is usually attributed to age associated wear and tear such as osteoarthritis or mild 
musculoskeletal stiffness (Roislien et al., 2009: 442). Older individuals exhibit lesser 
amounts of dorsiflexion during the gait cycle, especially prior to heel strike (Prentice, 
2009: 574). Weakness of the tibialis anterior muscle (which is responsible for 
decelerating the foot at heel strike) causes increased “foot slap” prior to the stance phase 
of walking. This may impact the plantar pressure distribution pattern by altering the 
stance phase and contact time of the gait cycle (Prentice, 2009: 574). Another important 
factor to take into consideration regarding age is walking speed as research has 
demonstrated walking speeds to decrease with increases in age (Prince, Corriveau, Hebert 
& Winter, 1997: 131; Steffen, Hacker & Mollinger, 2002: 129; Roislien et al., 2009: 
442). Hence, the age of prospective participants for this study was limited to those 
between the ages of 18 to30 years. The reason for this is two-fold, firstly most university 
students fall within this age group and therefore ensures a more even spread, and 
secondly it ensures that any age-related variables that may be related to pressure or 
impulse values are factored out.   
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This study will determine the plantar pressure distribution values and patterns of different 
gender and race groups of students of a South African university. The information 
obtained from this study may therefore be beneficial for health professionals by providing 
them with reference data of what is considered normal and therefore identify those 
considered to be atypical for a specific race group with respect to gender, age, and BMI 
in a South African context. 
There seems to be a dearth of information regarding plantar pressure distribution data in a 
South African context. In order to facilitate the interpretation of such clinical data and the 
development of appropriate interventions, further research in this regard seems 
warranted. 
1.3 AIM AND OBJECTIVES 
The primary aim of this study was to identify and compare the plantar foot pressure 
distribution patterns and impulse values of students of a South African university aged 18 
to 30 years of different race and gender groups using the RS Footscan ® system. 
In order to achieve the primary aim of the study, the objectives pursued were two-fold:  
 
1.3.1 To determine whether any of the following factors are related to dynamic plantar 
foot pressure and impulse values of the sampled population: 
 Height and Weight 
 BMI 
 Gender (Male versus Female) 
 Race (black African, white, and coloured) 
 Level of Physical activity (inactive or minimally active, moderately active and very 
active) 
 
1.3.2 To describe the dynamic plantar foot pressure distribution patterns and impulse 
values and to generate reference tables for the following groups: 
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 The total group 
 Each of the two gender groups: male and female 
 Each of the three race Groups: black African, white, and coloured. 
 
1.4 DEFINITION OF THE TERMS 
Several conceptual aspects are central to the understanding of plantar pressure 
distribution and measurement and therefore need to be clarified so as to facilitate 
understanding of the research project: 
 Pressure: pertains to the amount of force exerted over a given surface area (Orlin 
& McPoil, 2000: 400). Therefore in mathematical terms it is represented as follows: 
  P = F / area, where: 
o P = (N/m2) = kPa = kilopascals (Standard International unit). 
o F = (N) = Newtons  
o area = (m2) = meters squared 
 Impulse: refers to the pressure time integral which is a combination of the 
amplitude and duration of pressure loading over a specific area (Orlin & McPoil, 
2000: 401). In mathematical terms it is represented as follows:  
I = F x Δs, where: 
o I = Impulse 
o F = Force (N)  
o s = time (seconds). 
Since Impulse refers to the pressure time integral, the formula for calculating 
Impulse is as follows: I = Ns/cm
2
. 
 Centre of pressure: this is defined as the point location of the resultant ground 
reaction force vector acting on the plantar surface of the foot/feet (Kirby, 2002: 
134; Prentice, 2009: 575). 
 Pronation: refers to movement of the subtalar joint in a medial direction, thereby 
causing the foot to become lax so as to get the foot into an optimal weight bearing 
position (Prentice, 2009: 575). 
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 Supination: refers to movement of the subtalar joint in a lateral direction, thereby 
causing the foot to become more rigid and less shock absorbing during the stance 
phase of gait (Prentice, 2009: 576). 
 Gait Cycle: the entire gait cycle consists of two distinct phases, namely the stance 
and swing phases. The stance phase accounts for approximately 60% of the total 
gait cycle. The stance phase is then further subdivided into five periods: initial 
contact, loading response, midstance, terminal stance and preswing. Similarly, the 
swing phase is also broken into three periods: initial swing, midswing and terminal 
swing. Foot function during these various periods and phases changes from that of 
a shock absorber to that of a rigid lever (Prentice, 2009: 572).  
 Foot progression angle: this refers to the angle of the foot relative to an imaginary 
straight line in the patient’s path. Patients who toe-in are assigned a negative 
angular value, whereas those who toe-out are given a positive value (Roislien et al., 
2009: 443). 
 Contact time: the amount of time the foot is in contact with the force plate (Orlin 
& McPoil, 2000: 400; Nagel, Fernholz, Kibele & Rosenbaum, 2008: 153; Putti et 
al., 2009: 195). 
 Contact area: amount of total plantar surface area in contact with the force plate 
(Orlin & McPoil, 2000: 400; Birtane & Tuna 2004: 1056; Nagel et al., 2008: 153; 
Putti et al., 2009: 196). 
 Walking speed: refers to the speed at which at least one foot remains in contact 
with the ground at all times. As soon as there is a period where no ground contact is 
made with at least one foot, jogging has commenced. Walking speed is age 
dependent, and for the purposes of this study will be maintained within the range of 
1.3-1.5 m/s (Prince et al, 1997: 130; Roislien et al., 2009: 442). 
 Normal weight in terms of Body Mass Index (BMI). BMI refers to amount of mass 
measured in kilograms relative to the individual’s height measured in meters 
squared. Normal BMI scores are rated in the range of 18.1-24.9 kg/m
2
 (McArdle et 
al., 2007: 774). In this study individuals with a BMI score of 29.9 kg/m
2
 were 
accepted as anything greater than 30.0 kg/m
2
 falls within the obese category and is 
therefore outside the acceptable limit for this study. 
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1.5 ASSUMPTIONS 
Although attempts were made to control for as many unforeseen variables as possible, 
this study was conducted with a few assumptions: 
 All participants will answer questions pertaining to their injury and medical history 
truthfully. 
 Inter-limb symmetry exists without obvious preference for any one lower 
extremity. 
 Leg lengths are equal or within 0.5 cm difference. 
 Subjects will mimic their natural, unobserved gait in a laboratory setting under 
analytical conditions. 
 
1.6 LIMITATIONS 
A limitation of this study may be that the sampled population of interest was restricted to 
those enrolled at the Nelson Mandela Metropolitan University located in Port Elizabeth, 
South Africa. Whether or not differences exist, and therefore may be extrapolated to 
other regions of interest, remains to be investigated. 
1.7 SIGNIFICANCE 
Any structural or functional anatomical abnormalities are amplified during gait or 
physical activity due to the fact that the foot and ankle, and all superincumbent joints, 
comprise a closed kinetic chain (Razeghi & Batt, 2002: 282; Redmond et al., 2008: 6; 
Prentice, 2009: 605). Therefore foot and ankle research has numerous clinical 
applications primarily due to the fact that several abnormalities exist regarding foot 
structure. 
Research into this matter is however limited in a South African context especially with 
regards to what is considered normal pertaining to plantar pressure values and 
distribution patterns as well as impulse figures regarding different gender and race 
groups.  
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A large amount of inter-subject variation exists within normal limits with regards to foot 
structure and function, therefore a clearer understanding of the normal ranges of these 
structures and their relation to foot function and gait will provide clinicians with valuable 
insight and points of departure regarding identification of possible injury risk for the 
aforementioned population groups (Dahle, Mueller, Delitto & Diamond, 1991: 72; Morag 
& Cavanagh, 1999: 360; De Cock et al., 2006: 339; Teyhen, Stoltenberg, Collinsworth, 
Giesel, Williams, Kardouni, Molloy, Goffar, Christie & McPoil, 2009: 391).  
To enable clinicians to classify individuals based on their pressure and impulse values, 
this study endeavoured to establish stanine categories and normative tables to provide 
plantar pressure and impulse rankings. These would supply clinicians and practitioners 
with the tools to label patients into appropriate categories and possibly identify those 
individuals with a higher propensity for injury. 
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2.1 INTRODUCTION 
There are numerous factors that are related to the development, structure and biomechanics of 
the foot, especially during gait. Given that the foot and ankle form the first link in the kinetic 
chain they subsequently form a critical aspect in the minimization and even prevention of injury 
(Prentice, 2009: 604, Donatelli, 1985: 91). In addition to this, the foot often conforms to the 
surfaces to which it is exposed to over extended periods of time (Hoffman, 1905: 106; Razeghi 
& Batt, 2002: 282; Burns, Crosbie, Hunt & Ouvrier, 2005: 880; De Cock et al., 2006: 339). As 
such the general shape of the foot may change depending on the shoe wear and walking surfaces 
to which it is exposed on an ongoing basis (Hoffman, 1905: 107; Burnfield et al., 2004: 79). 
Deviations from the normal structure of the foot may lead to several other injuries further up the 
kinetic chain such as lower leg, knee, hip and lumbar spine pathologies (Prentice, 2009: 605 - 
641).  
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Research has shown that the most common injuries sustained are those of the ankle and knee and 
that these injuries are most common in the 26 to 30 year age category, especially in the male 
population (Razeghi & Batt, 2002: 282; Burns et al., 2005: 880; Waterman et al., 2010: 2279; 
Rapoo, 2010: 14). Waterman et al. (2010: 2279) examined the general American population and 
established that 49% of ankle injuries occurred during athletic activities, 27% were attributed to 
stair falls, 7% were linked to walking on a level surface and the remainder being attributed to 
other factors. In the same study it was established that black and white race groups were 
associated with substantially higher incidence rates of injuries compared to coloured population 
groups (Waterman et al., 2010: 2280). It was revealed that most injuries were accredited to the 
male population, and the sporting codes that yielded the highest incidences of injury were soccer, 
hockey and basketball (De Haven & Lintner, 1986: 218; Stevenson, Hamer, Finch, Elliot & 
Kresnow 2000: 188; Waterman et al., 2010: 2280; Rapoo, 2010: 13).  
Lower extremity injuries should not be taken likely in that 60% of those who have experienced a 
sprain will suffer long term instability, weakness or pain which may result in changes in gait, 
increased fall risk and reduced number of years spent in sports participation (Waterman et al., 
2010: 2280). In addition to this, significantly elevated foot pressures are also used to allude to 
any potential injury risk in the form of ulceration, especially those with peripheral neuropathies 
(Gefen 2007: 223; Solano et al., 2007: 505). Several other factors have been shown to influence 
pressure and impulse values experienced at the plantar surface of the foot including gender, race, 
age, height, weight, body mass index and physical activity (Hills et al., 2001: 1675; Razeghi & 
Batt, 2002: 282; Roislien et al., 2009: 443; Gurney et al., 2009: 555; Putti et al., 2009: 196). 
A comprehensive overview of these factors will provide a much clearer understanding of both 
foot structure and the pressures and impulses exerted at the plantar surface of the foot. The 
review of the literature has been organized and presented in seven sections. The first section 
explores the general anatomy of the foot and ankle, focusing specifically on the bones, joints and 
muscles that make up the foot and ankle. The  second section pertains to the biomechanics of the 
foot by discussing how the foot functions dynamically. Following this is the third section which 
focuses primarily on the structure of the foot and the various methods in which the foot is 
assessed and analyzed. Section four deliberates the injuries that result from abnormal foot 
structure or faulty biomechanics. The fifth section places emphasis on factors associated with 
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plantar pressure and impulse by dividing it into component parts so as to determine what 
transpires during the various phases of gait, as well as the examination of various  other factors 
such as age, gender, race, physical activity and body mass index may have on plantar pressure 
and impulse values. To finish, section six serves to summarize the literature and key points 
relevant to this study. 
 
2.2 ANATOMY OF THE FOOT AND ANKLE 
2.2.1 Osteology of the Foot and Ankle 
The ankle (talocrural) joint is a synovial hinge joint thereby indicating that its primary 
movements are uniaxial as it typically allows motion around a single axis, therefore only 
plantarflexion and dorsiflexion can be observed in the sagittal plane (Tortora & Grabowski, 
2003: 258). The movements of inversion and eversion that may be observed in the frontal plane 
occur at the intertarsal joints. These joints are classified as synovial plantar joints that are 
nonaxial as they permit movement back and forth gliding movements that do not occur around 
an axis (Tortora & Grabowski, 2003: 244; Drake, Vogl & Mitchell, 2005: 52). 
There are a total of seven tarsal bones, five metatarsal bones and 14 phalanges that comprise the 
foot. The talocrural joint consists of the articulation between the lateral malleolus of the fibula 
and the talus, and between the medial malleolus of the tibia and the talus (Tortora & Grabowski, 
2003: 237).  
The talus is the most superior bone of the foot and articulates with and is supported by the 
calcaneus. It also articulates with the distal portions of the tibia and fibula to form the ankle joint 
and also projects forward to articulate with the navicular bone on the medial side of the foot 
(Tortora & Grabowski, 2003: 237; Drake et al., 2005: 52).  
The calcaneus is the largest of the tarsal bones – posteriorly it forms the bony framework of the 
heel, and anteriorly projects forward to articulate with the cuboid on the lateral side of the foot 
(Tortora & Grabowski, 2003: 237; Drake et al., 2005: 52).  
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The intermediate tarsal bones consist of the navicular, cuboid and three cuneiforms (medial, 
intermediate and lateral).  
The Metatarsals are numbered I to V from medial to lateral. Each distal metatarsal head 
articulates with the proximal phalanx of a toe. The plantar surface of the head of metatarsal I also 
articulates with two sesamoid bones (Tortora & Grabowski, 2003: 237; Drake et al., 2005: 52). 
The phalanges are the bones of the toes. Each toe has three phalanges, except the great toe 
(hallux) which only has two. The hallux also contains two sesamoid bones which form as a result 
of the stresses exerted on the hallux during dynamic activities such as walking and running 
(Tortora & Grabowski, 2003: 237; Drake et al., 2005: 52; Prentice, 2009: 607). 
The bones of the foot form transverse and longitudinal arches relative to the ground (Drake et al., 
2005: 52). These arches assist the body in supporting weight, absorbing shock during weight-
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 
Bony Anatomy of the Foot 
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bearing and providing space on the plantar aspect of the foot for the blood vessels, nerves and 
muscles (Drake et al., 2005: 52; Prentice, 2009: 607). 
2.2.1.1 Longitudinal Arches 
There are two longitudinal arches, namely the medial and lateral longitudinal arches. The medial 
longitudinal arch (MLA) is formed along the medial border of the calcaneus and extends forward 
to the distal head of the first metatarsal head. Bony support is provided by the calcaneus, talus, 
navicular, first cuneiform and first metatarsal. The calcaneonavicular ligament is the primary 
supporting ligament of the MLA due to its spring-like action, thereby returning the arch to its 
original position after it has been distorted. The tendon of the posterior tibialis helps reinforce the 
calcaneonavicular ligament (Drake et al., 2005: 53; Prentice, 2009: 607). 
The Lateral longitudinal arch (LLA) is on the lateral aspect of the foot and is formed by the 
calcaneus, cuboid and fifth metatarsal bones. It is also much lower and less flexible than the in 
MLA (Drake et al., 2005: 53). 
2.2.1.2 Transverse Arches 
There are also two transverse arches, namely the metatarsal arch and the actual transverse arch. 
The metatarsal arch is formed by the distal heads of the metatarsals and has a sesamoid 
appearance stretching from the first to the fifth metatarsal (Tortora & Grabowski 2003: 237; 
Prentice, 2009: 575). The transverse arch extends across the transverse tarsal bones, primarily the 
cuboid and the internal cuneiform, thereby forming a half-dome. It serves to protect the soft 
tissue and also increases the foot’s mobility. It is highest in the coronal plane that cuts through 
the heads of the talus and disappears near the heads of the metatarsals where these bones are held 
together by the deep transverse metatarsal ligaments (Tortora & Grabowski 2003: 273; Drake et 
al., 2005: 52). These may be seen in Figure 2.1. 
The structure of the medial longitudinal arch (MLA) of the foot has been described as one of the 
most important structural characteristics of the foot and therefore greatly affects dynamic foot 
function. Variations in the structure of the MLA will influence the shape of the footprint taken 
from the foot (Van Schie & Boulton, 2000: 89; Nakhaee et al., 2008: 85). 
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In the study by Nakhaee et al. (2008: 85) it was found that there was a trend toward greater 
medial arch pressure in those with low-arched feet, although no statistical significance could be 
found due to the variance of foot pressures in general. Nakhaee et al. (2008: 85) also stated that 
the medial longitudinal arch is perhaps the greatest area of difference amongst subjects regarding 
foot structure. Its functional importance is often the point of interest in many studies and is used 
to classify foot type and structure.  
2.2.2 Arthrology of the Foot and Ankle 
The foot needs to effectively and efficiently distribute the forces exerted on it, even though it 
only has a limited surface area. The structure of the foot is therefore of critical importance. It is 
for this reason that the foot consists of several very important joint structures that help to 
dissipate the forces more effectively. The major joints of the foot and ankle are mentioned briefly 
below (Tortora & Grabowski 2003: 237; Drake et al., 2005: 52;).  
 Talocrural Joint is the primary joint of the ankle formed by the articulation between the 
distal tibia and the talus, and is stabilized by medial (deltoid) and lateral ligaments of the 
ankle. 
 Intertarsal Joint, refers to the articulation between the tarsal bones themselves, and allows 
for inversion, eversion, pronation and supination to occur.   
 Subtalar Joint is the articulation between the talus and calcaneus of the ankle and foot 
which allows for gliding and rotation – it is stabilised by lateral, medial, posterior and 
interosseous talocalcaneal ligaments.  
 Talocalcaneonavicular Joint, as the name infers, is the point of articulation between the 
talus, calcaneus and navicular bones. These are stabilised by talonavicular, bifurcate, 
calcaneocuboid, calcaneonavicular and plantarcalcaneonavicular ligaments. 
 Calcaneocuboid Joint refers to the articulation between the calcaneus and cuboid bones 
on the lateral side of the foot. This articulation is supported by the plantar calcaneocuboid 
ligament and long plantar ligament. 
 Tarsometatarsal Joint (Lisfranc’s Joint) is formed by the junction of the bases of the 
metatarsal bones with the cuboid and all three cuneiforms. It allows for some gliding and 
a restricted amount of flexion, extension, adduction and abduction. 
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 Midtarsal Joint (Chopart’s Joint) consists of two distinct joints: the calceneocuboid and 
the talonavicular joint. The midtarsal joint depends primarily on ligamentous and 
muscular tension to maintain position and integrity, and is directly related to the position 
of the subtalar joint. If the subtalar joint is pronated, the talonavicular and calcaneocuboid 
joints become hypermobile. If the subtalar joint becomes supinated, the latter joints 
become hypomobile. This in turn affects the distal portion of the foot because of the 
articulations at the tarsometatarsal joint. 
 Metatarsophalangeal Joints, as the name suggests, is the articulation between the 
metatarsal bones and the phalanges. These articulations are supported by collateral and 
plantar ligaments. 
 Interphalangeal Joints are the last set of joint of the foot, and consist of the articulations 
between the middle and distal phalanges; they are also reinforced by collateral and 
plantar ligaments. 
 
All these individual joint structures function in an almost synergistic manner to dissipate the 
large forces experienced at the plantar surface of the foot. However, the importance of the 
muscles surrounding these joints form an essential part of minimizing the joint compressive 
forces experienced at the anatomical level and cannot be undervalued. 
 
2.2.3 Myology of the Foot and Ankle 
Numerous muscles reinforce the ankle at the medial and lateral aspects and provide significant 
structural support to the MLA (Tortora & Grabowski, 2003: 377; Drake et al., 2005: 53; 
Prentice, 2009: 608). There are also a total of four layers of muscle of the plantar surface of the 
foot that affect and bolster the structural integrity of the foot. 
2.2.3.1 Muscles of the Ankle 
The muscles that move the foot and toes are located in the lower leg and can be subdivided into 
three compartments, namely the anterior, lateral and posterior compartments (Tortora & 
Grabowski, 2003: 373). These muscles are especially important in reinforcing the ankle joint and 
providing the necessary stability needed for the multitude of motions that the ankle is capable of. 
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Table 2.1 reflects the muscles and their associated actions in the ankle whereas Figure 2.2 (on the 
next page) illustrates the musculature of both the anterior and posterior lower leg compartments. 
TABLE 2.1 
MUSCLES AND THEIR ACTIONS IN THE ANKLE (Tortora & Grabowski, 2003: 373) 
 Anterior Compartment Lateral Compartment Posterior Compartment 
M
u
sc
le
s 
 Tibialis Anterior 
 Extensor Hallucis 
longus 
 Extensor Digitorum 
longus 
 Peroneus Tertius 
 
 Peroneus 
Longus 
 Peroneus 
Brevis 
 
 Gastrocnemius 
 Soleus 
 Plantaris 
 Popliteus 
 Tibialis Posterior 
 Flexor Digitorum 
longus 
 Flexor Hallucis 
longus 
 
A
ct
io
n
s 
These muscles function to 
dorsiflex the foot and extend 
the toes as well as produce 
inversion of the foot. 
These muscle function 
to plantarflex the foot 
at the ankle and to 
evert the foot at the 
intertarsal joints 
The primary functions of 
these groups of muscles 
are to plantarflex the foot 
at the ankle, produce 
inversion and flex the 
phalanges. 
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Source: http://focusactionsi.wordpress.com/ 
 
2.2.3.2 Muscles of the Foot 
The intrinsic muscles of the foot function primarily for support and locomotion. They are 
subdivided into two groups, specifically dorsal and planar groups (Tortora & Grabowski, 2003: 
377; Drake et al., 2005: 53). The muscles of the dorsal and plantar aspect of the foot are reflected 
in Table 2.2 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2  
Muscles of the Lower Leg and Ankle (Anterior view [left]; Posterior view [right]) 
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Table 2.2 
MUSCLES OF THE FOOT (Tortora & Grabowski, 2003: 377) 
Layer/Location Muscles & Functions 
Dorsal Extensor digitorum brevis 
Plantar – 1st Layer Abductor hallucis 
Flexor digitorum brevis 
Abductor digiti minimi 
Plantar – 2nd Layer Quadrates plantae 
Lumbrical  
Plantar – 3rd Layer Flexor hallucis brevis 
Adductor hallucis 
Flexor digiti minimi brevis 
Plantar – 4th Layer Dorsal interossi 
Plantar interossi 
 
Various electromygraphic studies have shown that the muscle recruitment patterns of these 
aforementioned muscles vary depending on both the phase of gait as well as the structure of the 
foot (Wu, Chang, Wu, Guo & Lin, 2007; Murley, Menz & Landorf, 2009c: 173; Murley, Buldt, 
Trump & Wickham, 2009a: 66). Exercise and flat-arch feet tended to yield significantly different 
muscle recruitment patterns compared to those who have not exercised and have a normal foot 
structure (Wu et al., 2007; Murley et al., 2009b: 35). Figure 2.3 on the following page reflects 
the superficial and deep muscular layers of the foot. 
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Source: http://etc.usf.edu/clipart/55400/55466/55466_foot.htm 
 
2.3 FOOT BIOMECHANICS  
The foot is exceptionally capable of shock absorption, as well as providing good stability (De 
Cock et al., 2006: 339; Scott et al., 2007: 68). This is primarily due to the presence of the many 
small joints in the foot, as well as the presence of the arches of the foot, namely the two 
longitudinal arches as well as the transverse arch of the midfoot (Luger, Nissan, Karpf, Steinberg 
& Dekel, 1999: 200). There is a significant amount of variance in this structure amongst 
individuals, and thus plays a significant role in what is considered the normal plantar pressure 
distribution pattern (Nakhaee et al., 2008: 85). Additionally, Donatelli (1985: 91), Ridola and 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 
Muscles of the Foot – Superficial and Deep Layers 
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Palma (2001: 86), and Berschin et al. (2002: 152) indicated that the combined effect of muscle, 
bone, and ligaments of the foot, body weight, centre of gravity and normal foot biomechanics 
also affect the normal foot pressure distribution pattern of the lower limb. Perhaps of interest is 
the fact that the foot contains 26 bones, 33 joints and 109 ligaments (Drake et al., 2005: 53). 
Considering that the human skeleton as a whole consists of a total of 206 bones, the bones of the 
foot and ankle alone make up a quarter of the entire skeletal structure. This is an important 
consideration when taking into account the supraincumbent weight, and hence the force imposed 
on the small surface area of the foot. The unique structure of the foot therefore aids in the 
redistribution of these forces over the numerous bones and joints present in the foot so as to 
minimise the impact of these forces and pressures. 
The interaction of the numerous arches, bones, joints and ligaments forms a critical aspect 
regarding the foot-floor interface. It is for this reason that the foot and ankle comprise a closed 
kinetic chain (Donatelli, 1985: 91). Therefore the motion at one joint may influence the motion 
of other joints within the chain. It is therefore important to mention that, in accordance with the 
kinetic chain, lower back, hip or knee pathologies may in turn also influence foot biomechanics 
(Prentice, 2009). 
2.3.1 Plantarflexion and Dorsiflexion 
Typical ranges of motion (ROM) of the ankle joint in terms of plantarflexion range between 40
o
 
to 50
o
 from the anatomical zero position. Dorsiflexion on the other hand is much more limited 
and therefore seldom exceeds 20
o
. For normal gait patterns to be adhered to a minimum of 10
o
 of 
dorsiflexion must be present to allow for adequate heel-to-toe gait patterning (Nordin & Frankel, 
2001: 232).  
Various muscular structures are involved in both plantarflexion and dorsiflexion. These have 
been briefly listed in Table 2.1 above. 
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2.3.2 Inversion and Eversion 
The muscles involved in inversion pass behind and in front of the medial malleolus, whereas the 
muscles involved in the process of eversion are located in front of and behind the lateral 
malleolus (Drake et al., 2005: 53; Prentice, 2009: 610). The muscles have also been briefly listed 
and discussed in Table 2.1 above (p. 17). 
The ranges of motion of inversion and eversion differ significantly from those of plantarflexion 
and dorsiflexion as they are much more subtle as they allow the foot to adapt to uneven surfaces. 
Ankle inversion values range between 20-30
o
 and ankle eversion also ranges between 5-10
o
 
(Nordin & Frankel, 2001: 232). 
 
2.4 FOOT STRUCTURE   
The foot is considered the mediator between the body and the ground, thus its shape and 
structure affect the amount of pressure exerted on the plantar surface (Razeghi & Batt, 2002: 
282). Plantar pressure measurements can therefore provide direct information regarding the 
quality of the interaction of different structures of the foot and the ground which can be used as a 
means of foot type classification (Nakhaee et al., 2008: 85 - 90). 
There is however a significant amount of difference between individuals regarding normal foot 
structure therefore accounting for the considerable amount of variation regarding plantar 
pressure values in the literature (Dahle et al., 1991: 72; Cavanagh et al., 1997: 244; De Cock et 
al., 2006: 340; Teyhen et al., 2009: 392).  
Defining the normal foot is more of a process of elimination in that once one has determined that 
there are no significant structural abnormalities or deviations one is able to categorise the foot as 
“normal” (Dahle et al., 1991: 71). Foot abnormalities include, but are not limited to, the 
following: 
 
 Pes cavus (high arch foot structure)  
 Pes planus (flat arch foot structure) 
 Under-pronation (supinated/ hypomobile foot structure) 
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 Over-pronation (pronated/ hypermobile foot structure) 
 Forefoot or rearfoot varus 
 Forefoot valgus 
 Bunions 
 Calluses 
 Hammer or claw toes  
 Recent foot or ankle injury or surgery, whether musculo-skeletal or neural 
 
This brings to light the plethora of available means and measures of classifying the foot. Razeghi 
and Batt (2002: 285) conducted a critical review of the current methods of the time and provided 
a comprehensive list of techniques and methods of foot type classification. These were as 
follows: 
1. Visual non-quantitative inspection consists of largely subjective interpretations of foot type 
and structure. Use is made of photographic/video material of the subjects’ foot so as to provide 
documentation for future assessment. In some cases use is made of a podoscope to enable more 
detailed examination by making use of a mirror to show the contact area beneath the foot 
(Razeghi & Batt, 2002: 285). Several structural aspects are evaluated, namely the positioning of 
the calcaneus, positioning of the talus, height of the medial longitudinal arch (MLA), positioning 
of the forefoot relative to the rearfoot and the rotation of the lower leg (Dahle et al., 1991: 72). It 
has however been shown that, in most cases, poor correlation exists between static measurements 
and their carryover effect to dynamic function (Razeghi & Batt, 2002: 285; Nielsen, Rathleff, 
Simonsen & Langberg, 2009: 28).  
2. Anthropometric values incorporate direct measurement of a surface landmark or bony 
prominence representing the location or position of different structures of interest within the foot. 
There are approximately six recognized anthropometric values, namely: arch height, longitudinal 
arch angle, rearfoot angle, navicular drop, navicular drift and valgus index (Razeghi & Batt, 
2002: 286). These values are related primarily to static measurements which in turn affect both 
reliability and repeatability as well as application to dynamic measurements. 
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3. Footprint Indices consist of creating an imprint of the foot and classifying it into groups 
either through the use of a simple ink pad or the use of sophisticated pressure transducers. Both 
static and dynamic measurements can be taken using this method. Common footprint indices 
include: arch index, modified arch index, arch (footprint) angle, footprint index, arch-length 
index, truncated arch index and the Brucken index (Razeghi & Batt, 2002: 283). In addition to 
this is the multitude of pressure transducer systems available, some of the most common ones 
include RS Footscan, EMED footscan, and Tekscan systems. These methods allow for detailed 
analyses and interpretations to be made regarding foot pressure and structure and have also been 
shown to be valid and reliable (Luo, Berglund & An, 1998: 191).  
4. Radiographic evaluation is often considered the gold standard with regard to static 
evaluation and interpretation of foot structure. It allows for accurate assessment of the height of 
the medial longitudinal arch (MLA) which is often used in defining the structure and shape of the 
foot (Dahle et al., 1991: 71; Cavanagh et al., 1997: 245; Redmond et al., 2008: 2; Murley, et al., 
2009c). Since this can only be measured in a static weight-bearing position controversy often 
exists as to its correlation to dynamic function (Razeghi & Batt, 2002: 286). Two of the more 
common radiographic measurements used include the calcaneal inclination angle, the height-to-
length ratio and the calcaneal-first metatarsal angle. 
5. Measurements using criteria of foot function includes measurements and evaluation of the 
rearfoot-forefoot angle and the center of pressure excursion index (Razeghi & Batt, 2002: 286). 
These measurements are also conducted in a static manner bringing into question their 
applicability with regards to gait. 
Recent reports have questioned the reliability of clinical measurements, the criteria for definition 
of the normal foot, and the validity of static measurements to predict foot functional behaviour 
(Cavanagh et al., 1997: 246; Razeghi & Batt, 2002: 289) It is to be reiterated that plantar 
pressure is influenced by the dynamics of gait as opposed to the structural features of the foot 
alone, indicating that a poor correlation exists between static measurements and its relevance to 
dynamic gait (Scott, et al., 2007: 69; Nielsen et al., 2009: 29). In contradiction to the 
aforementioned, Cavanagh et al. (1997: 246) effectively demonstrated that by standardizing the 
testing procedure and techniques employed, one can predict dynamic plantar pressure values 
from static structural plantar measurements. It was determined that soft tissue thickness and the 
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height of the medial longitudinal arch play a significant role in dynamic plantar pressure values 
(Cavanagh et al., 1997: 246; Teyhen et al., 2009: 391). For example a 1mm increase in soft 
tissue thickness at the heel and metatarsal of the great toe would result in pressure decreases of 
26.2 kPa and 61.4 kPa respectively. Similarly it was found that each one degree increase in 
inclination of the MLA would result in an increase of 17.5 kPa at the heel (Cavanagh et al., 
1997: 248).  
Razeghi and Batt (2002: 285) fittingly stated that many models attempt to predict dynamic foot 
function by using static measurements. There is however a lack of normative data for many of 
the aforementioned quantitative techniques, therefore making the comparison of studies using 
similar techniques difficult (Williams & McClay, 2000: 865; Razeghi & Batt, 2002: 285). It is 
for this reason that the use of force platforms is the method most commonly used to assess the 
interaction of the foot and the supporting surface during gait (Orlin & McPoil, 2000: 402). 
Force, when using a force platform, is the net result of three components of ground reaction 
forces (resultant forces acting on the foot): anterior-posterior, medial-lateral and vertical 
directions. The magnitude of the pressure is then determined by dividing the measured force by 
the known area of the sensor(s) evoked while the foot was in contact with the supporting surface. 
The System International (SI) for force is Newton, and the SI for pressure is the pascal. A pascal 
(Pa) is thus defined as the pressure experienced when a force of 1N is distributed over an area of 
1m
2 
(Orlin & McPoil, 2000: 400). In this study the focus was on assessing the pressures and 
impulses over very specific anatomical regions of the foot, thus the area of interest was relatively 
small. Pressure and impulse values were therefore represented as follows: pressure = N/cm
2
; 
impulse = Ns/cm
2
 (where N = Newton; s = seconds; cm
2
 = area of anatomical landmark). 
Research has ascertained that shoe wear affects foot structure which in turn has various 
implications in terms of plantar pressure values and force distribution patterns (Hoffman, 1905: 
106; Jordan & Bartlett, 1995: 215; Burnfield et al., 2004: 79). In his research of several 
barefooted cultures and race groups, Hoffman (1905: 106) determined that in the normal foot the 
phalanges are in alignment with their metatarsals and the toes are widely dispersed, this being 
especially true for the great toe. It was also found that the long axis of the great toe, when 
prolonged backward will strike the approximate center of the heel in the normal foot (Hoffman, 
1905: 107). The toe box of many modern shoes, especially those used for aesthetic purposes such 
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as high heels, do not allow ample room for the forefoot as is evident by the alteration in forefoot 
structure as there is compression and even overlapping of the toes resulting in structural and soft 
tissue alterations (Dahle  et al., 1991: 73; Morag & Cavanagh; 1999: 361; Razeghi & Batt, 2002: 
283; De Cock et al., 2006: 339; Nielsen et al., 2009: 29; Teyhen  et al., 2009: 391).  
With such a complex structural organization in terms of anatomical characteristics and 
biomechanics as well as the multitude of factors affecting the shape and structure of the foot, one 
is able to gain a greater appreciation of the complex adaptations the foot needs to be able to 
undergo. Consequently abnormal foot structure and biomechanics often lead to injury, not just of 
the foot and ankle but also of the lower leg, knee, hip and lower back (Prentice, 2009: 611). 
 
2.5 INJURIES AS A RESULT OF ABNORMAL FOOT AND ANKLE STRUCTURES OR 
FAULTY BIOMECHANICS 
As is evident from the biomechanics of the foot, certain amounts of pronation and supination are 
necessary so as to allow the foot to perform its two-fold functions as both a shock absorber and 
rigid lever (Donatelli, 1985: 93; Prentice, 2009: 606). This becomes problematic when there are 
excessive amounts of pronation or supination, which often result from a forefoot varus, forefoot 
valgus and/or rearfoot varus deviation in a non-weightbearing position. Consequently during 
weightbearing activities such as walking, running or others pertaining to sport this may 
potentially develop into an injury. 
2.5.1 Excessive Pronation 
Forefoot varus results from an everted forefoot position relative to the heel due to structural 
deviations in the metatarsal heads. Consequently in weightbearing the subtalar joint pronates and 
the heel everts resulting in excessive pronation (Prentice, 2009: 574). Conversely in rearfoot 
varus the heel is inverted in the non-weightbearing position also resulting in subtalar joint 
pronation in weightbearing. The heel in this position however is perpendicular to the supporting 
surface. Nonetheless this also results in excessive pronation (Prentice, 2009: 574). 
Excessive pronation may also result from the overload of specific structures or when pronation is 
prolonged into the propulsive phase of gait (Prentice, 2009: 574). Accordingly the subtalar joint 
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undergoes obligatory motions causing the midtarsal joints of the foot to remain unlocked 
resulting in an excessively loose foot. A long chain of events causes the cuboid bone of the 
midtarsal complex to lose its function as a pulley to stabilize the first ray resulting in increased 
pressures on the other metatarsals. There is also increased tibial torsion forcing the knee joint to 
absorb greater amounts of force (Nordin & Frankel, 2001: 200; Prentice, 2009: 578). Typical 
injuries that result from this include: stress fractures of the second metatarsals, plantar fasciitis, 
posterior tibial tendinitis, Achilles tendinitis, tibial stress syndrome, and medial knee pain. 
2.5.2 Excessive Supination 
The converse is also true with regards to excessive supination which may result from forefoot 
valgus in which the metatarsal heads are everted relative to the heel in the non-weightbearing 
position. Once in weightbearing it will subsequently cause the heel to be inverted and the 
subtalar joint to undergo supination, ultimately resulting in over supination (Prentice, 2009: 575). 
In this case the subtalar joint does not allow the midtarsal joint to unlock resulting in a more rigid 
foot (Donatelli, 1985: 93; Prentice, 2009: 575). As such the cuboid becomes hypomobile 
decreasing the mobility of the first ray, ensuring that most of the weight is borne by the first and 
fifth metatarsals (Prentice, 2009: 575). Also, tibial internal rotation is limited. Injuries resulting 
from excessive supination include inversion ankle sprains, tibial stress syndrome, peroneal 
tendinitis, iliotibial band friction syndrome, and trochanteric bursitis (Prentice, 2009: 576). 
2.5.3 Prevention of Foot and Ankle Injuries 
Waterman et al. (2010: 2280) showed that the incidence of ankle injury treated in emergency 
departments in the United Stated of America ranged from two to seven per 1000 person years, 
with a peak in the 15 to 19 year age category. This number may be even higher as it did not 
include cases seen in doctors’ offices or those treated at home. Gefen (2007: 223) states two 
methods for assessing potential risk for injury. Firstly, specific plantar pressure values pertaining 
to the forefoot region associated with increased risk of injury are appraised at 600 – 700 kPa (60 
– 70 N/cm2). Alternatively, the ratio of forefoot to rearfoot peak regional pressures above a value 
of 2.00 indicates a high susceptibility to injury. 
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Peterson (2002 in Prentice, 2009: 576) stated that the incidence of foot injuries can be 
minimized, or even prevented entirely, by ensuring appropriate foot wear, correcting 
biomechanical structural abnormalities, incorporating the use of appropriate orthotics as well as 
ensuring correct foot hygiene and care are adhered to.  
2.5.3.1 Appropriate Shoe Wear 
Perhaps often overlooked is the fact that, due to innovations in modern shoe making technology, 
shoes are constructed differently in the modern era to allow for structural insufficiencies such as 
over-pronation or over-supination (Prentice, 2009: 576). As such selecting the incorrect shoe for 
one’s foot type may exacerbate the problem even further (Coughlin, 1995 in Prentice, 2009: 
576). Excessive pronation is associated with hypermobility therefore one would need to select a 
shoe that is firmer and less flexible with good rearfoot control (Jordan & Bartlett, 1995: 215; 
Prentice, 2009: 576). Excessive supinators on the other hand, would need to select a shoe that 
provides greater amounts of cushioning and flexibility due to the hypomobility and lack of 
shock-absorbing qualities of the foot (Burnfield et al., 2004: 79; Prentice, 2009: 576). 
2.5.3.2 Orthotics 
Mechanical insufficiencies such as forefoot varus/valgus can be corrected via the appropriate use 
of orthotics (Prentice, 2009: 577; Murley et al., 2009c: 173). The existing insert of the shoe is 
replaced by a plastic, rubber or leather support to control for abnormal compensatory movements 
(Hunter et al., 2000 in Prentice, 2009: 577). Several different types of orthotics exist, each with a 
specific purpose in the correction of the deformity. A skilled technician such as an Orthotist or 
Podiatrist constructs the orthotic device to the specifications required.  
2.5.3.3 Foot Hygiene 
To minimize the risk of injury and avoid unnecessary problems the following foot hygiene 
guidelines and simple tasks may prove useful: keeping one’s toenails trimmed, shaving down 
excessive calluses, keeping one’s feet clean and dry, and wearing clean and sweat extracting 
socks (Prentice, 2009: 577).  
During normal dynamic weightbearing conditions the bones of the foot and ankle are 
manipulated in such as way so as to assist movement, stabilize joints and reduce pressures as 
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well as optimize impulses within the foot and lower limb by varying the degree of pronation and 
supination that occurs (Donatelli, 1985: 93; Tortora & Grabowski, 2003: 372; Prentice, 2009: 
568). Appropriate shoe wear, correcting for mechanical insufficiencies of the foot, satisfactory 
foot hygiene as well as correct biomechanics of the foot are therefore of considerable 
importance, especially during the gait cycle. Abnormalities may have a sizeable impact on the 
pressure and impulse values experiences at the plantar aspect of the foot (Dahle et al., 1991: 73; 
Luger et al., 1999: 199; Razeghi & Batt, 2002: 290; Solano et al., 2007: 507). 
 
2.6 FACTORS ASSOCIATED WITH PLANTAR PRESSURE AND IMPULSE  
 
Research has demonstrated that several factors such as gait, age, gender, race, physical activity 
and body mass index (BMI) may, either directly or indirectly, influence the plantar pressure 
values experienced during walking. These factors are elucidated in the next section.   
2.6.1 Gait 
The normal gait pattern consists of several distinct phases, the component parts being the stance 
phase and swing phase with the former and latter contributing 60 percent and 40 percent of the 
gait cycle respectively (Prentice, 2009: 572). The stance phase can be further broken down into 
initial contact, loading response, midstance, terminal stance and pre-swing components, whereas 
the swing phase consists of initial swing, mid swing and terminal swing (Prentice, 2009: 572).  
Of the numerous bones present in the foot, the role of the subtalar joint during the stance phase is 
critical in many aspects as it is the primary point of compensation for foot deformities and 
abnormalities (Donatelli, 1985: 93). Due to the fact that the foot and ankle form part of a closed 
kinetic chain, any pronation or supination of the foot will cause a compensatory effect in the 
subtalar joint which, in turn, will cause the tibia and fibula to react, ultimately affecting the knee, 
hip and even lower back (Kirby, 2002: 134; Prentice, 2009: 574). Other important joints 
affecting the biomechanics of the foot and ankle, and therefore gait, are the talocrural, midtarsal, 
first ray (first metatarsal/cuneiform) and fifth ray (fifth metatarsal). The aforementioned joints 
essentially affect the foot’s ability to adapt to the ground and thus maintain equilibrium and 
balance.  
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Pressure on the foot during walking is distributed from the calcaneus of the heel to the base of 
the 5
th
 metatarsal head. The foot then rolls medially as the centre of pressure moves towards the 
forefoot, therefore transferring pressure to the base of the large metatarsal head of the hallux 
(Glasoe, Yack & Saltzman, 1999: 857; Prentice, 2009: 574). This may be seen in Figure 2.4 
where the centre of pressure of the individual is presented by the pink dotted line as it moves 
over the various structures of the foot during gait. There are normal limits in terms of the amount 
of pronation and supination that should occur during the various phases of the gait cycle, with 
excessive motions of either being unfavourable to the optimal biomechanics of the foot.  
Pronation, in and of itself, is necessary during gait to allow for adequate shock absorption 
(Donatelli, 1985: 93). It is controlled by eccentric contraction of the supinators of the foot, 
namely tibialis anterior, extensor digitorum longus and extensor hallucis longus (Root et al., in 
Donatelli, 1985: 93; Prentice, 2009: 608 - 610). Overpronation however is problematic in that it 
consists of pronating for too long a period, therefore not allowing for resupination of the foot to 
allow for acceleration during toe off (Prentice, 2009: 575). This altered biomechanical tendency 
causes greater midfoot contact with the ground thus shifting peak pressure more medially. 
Pronation is also associated with greater amounts in internal tibial rotation, which in turn 
predisposes the individual to greater risk of injury of joints further up the kinetic chain (Prentice, 
2009: 656; Donatelli, 1985: 95). Supination, or under-pronation, results from a hypomobile 
midtarsal area, thereby giving rise to a more rigid foot structure that is not capable of optimal 
shock absorption (Prentice, 2009: 576). This often results in injuries such as ankle pathologies, 
tibial stress fractures, medial tibial stress syndrome, lateral ankle sprains as well as severe 
possible knee pathologies, especially in a sporting context (Prentice, 2009: 617 - 631; Rapoo, 
2010: 13). 
Inflexibility of the first ray, termed hallux rigidus, affects the biomechanics of the foot during 
gait. During toe off, dorsiflexion of the first metatarsophalangeal joint (MTP1) produces tension 
of the plantar aponeurosis which assists subtalar joint supination therefore providing a rigid lever 
for propulsion during toe off (Donatelli, 1985: 93 - 94). The normal joint ROM needed to 
facilitate this is 60
o
-70
o
 of passive MTP1 dorsiflexion (Donatelli, 1985: 94). 
Plantar pressure increases significantly during walking as opposed to pressures experienced 
during static bipedal standing. Hayafune, Hayafune and Jacob (1999: 89), found that plantar 
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pressures ranged from 128.5 – 425.6 kPa; this being confirmed in a later study by Gefen (2007: 
224) who reported that dynamic pressures experienced in normal, healthy subjects were in the 
region of 250-500 kPa (1875-3750 mmHg). These values were however also dependent on the 
walking speed, as walking speeds were found to have a significant impact on plantar pressure 
values. Luger et al. (1999: 200) ascertained that, in terms of forefoot pressure, the 2
nd
 to 4
th
 
metatarsal heads carried significantly higher pressure values. A limitation of this study however 
was that the 1-step gait initiation method was employed and the test was only repeated three 
times on each foot. Also, a self-selected walking pace was used, the range of which was unclear. 
Normal gait speed has been established for different age cohorts, indicating that average gait 
speed, irrespective of gender, ranged between approximately 1.20 to 1.60 m/s for those aged 20 
to 40 years (Prince et al., 1997: 130; Burnfield et al., 2004: 82; Taylor, Menz & Keenan, 2004: 
51; Chiu & Wang, 2007: 388; Pataki, Goulermas, Caravaggi, & Crompton, 2008: 1989). It is for 
this reason that research exhibits greater amounts of variation regarding plantar pressure values 
as some studies control for walking speed whereas others implement self-selected walking speed 
strategies on the part of the participant (Luger et al., 1999: 200; Taylor et al., 2004: 52; Chiu & 
Wang, 2007: 388; Pataki et al., 2008: 1989). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 
Motion of Centre of Mass of the 
Body 
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The beam and truss model as well as the windlass mechanism serve to specifically explain why 
plantar pressures are larger under the forefoot and heel regions (Nordin & Frankel, 2001: 250). 
The beam model states that the medial longitudinal arch (MLA) is akin to a curved beam; 
therefore superincumbent forces are directed both anteriorly and posteriorly away from the MLA 
toward the forefoot and rearfoot regions of the foot (Nordin & Frankel, 2001: 250). The windlass 
mechanism on the other hand, denotes that during toe-off the plantar fascia (a dense fibrous band 
under the plantar surface of the foot) becomes taught, thereby reinforcing the MLA. During the 
gait cycle, dorsiflexion of the metatarsophalangeal joints places the plantar fascia under traction 
thereby causing elevation of the MLA. This is known as the “windlass effect” and serves to 
ameliorate the pressures experienced in the midfoot (Nordin & Frankel, 2001: 250). The 
windlass mechanism is illustrated in Figure 2.5 below. 
 
 
 
 
 
 
 
  
 
Source: http://www.flickr.com/photos/northcoastfootcare/4058174627/ 
2.6.2 Age 
Walking speed is generally considered to decrease with increases in age (Steffen et al., 2002: 
129; Burnfield et al., 2004: 82; Chiu & Wang, 2007: 389; Scott et al., 2007: 69). Data correlating 
plantar pressures and age are found to be somewhat varied, this being largely due to the different 
measuring and testing protocols utilized (Öberg, Karsznia & Öberg, 1993: 210 - 212).  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 
Windlass Mechanism 
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Reductions in gait speed may be due to age related anatomical and physiological changes in foot 
bone and ligament structures therefore affecting foot pressure distribution during gait (Hessert et 
al., 2005: 2). Advancing age also results in reductions of stride length, step force as well as 
increased variability in gait parameters (Hausdorff et al., 1997 in Hessert et al., 2005: 3). At a 
younger age there is generally less age related wear and tear of musculoskeletal and ligamentous 
structures (Roislien et al., 2009: 442) therefore walking speed is largely unaffected and 
unhindered between the ages of 20 – 60 years. After the age of 60 years elderly walking 
performance begins to decline and slow down (Prince et al., 1997: 130).  
Scott et al. (2007: 69) found that young adults (mean age 20.9 ± 2.6 years) exhibited the greatest 
amount of plantar pressures at the second metatarsophalangeal (MTP) joint and heel with the 
values being 2.37 kg/cm
2
 and 2.34 kg/cm
2
 respectively. The midfoot and lesser toes carried the 
least amount of pressure with values of 0.71 kg/cm
2 
and 0.73 kg/cm
2
 respectively. This is largely 
attributed to increased amounts of pronation, reduced ROM at both the ankle and MTP1 and 
greater prevalence of hallux valgus, amongst other abnormalities (Scott et al., 2007: 74).  
Interestingly a study by Cunningham, Reichnitzer, Pearce, and Donner (1982: 561), 
demonstrated that gait speed was related more to maximal oxygen uptake capacity (VO2 max) 
rather than age. The primary drawback of this study however was that only Caucasian men were 
included and therefore did not include women or individuals of diverging racial backgrounds in 
the study sample. 
From a South African point of view, the population estimates relative to age are as follows 
(Statistics SA, 2009):  
 0-14 years: 32.1% (Male 7.17 million/ Female 7.21 million). 
 15-64 years: 63% (Male 18.00 million/ Female 14.74 million), with those aged 20 – 40 
years making up approximately 34% of the entire population. 
 >65 years: 4.9% (Male 0.8 million/ Female 1.39 million). 
 
A participant sample of the age range 18 to 30 years, as is the case in the present study, is 
therefore most representative of a large portion of the South African population.  
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2.6.3 Gender 
Although several inherent differences exist between men and women, these do not necessarily 
promulgate when examining plantar pressure values and distribution patterns. Research into this 
regard is somewhat inconsistent, with disparities being attributable to differences in measuring 
devices and techniques employed, not only during data capturing and recording but also in terms 
of data analyses. 
The literature indicates obvious gender differences that are apparent in terms of height, weight 
and foot length (Cho, Park & Kwon, 2004: 145 - 146; Fessler, Haley & Lal, 2005: 44 - 45). 
Proportionate to stature, female foot length is consistently smaller than male foot length. This is 
found to be true across several race and gender groups, namely Pueblo Indians, Caucasian-
Americans, African-American, as well as Belgian and Lithuanian population groups (Fessler et 
al., 2005: 46). The amount of dynamic navicular drop was found to be proportionate to foot 
length, in that the amount of navicular drop was found to increase by 0.40 mm for males and 
0.31 mm for females for each 10 mm increase in foot length (Nielsen et al., 2009: 29). The effect 
of this on ground reaction force was however not established.  
Disparities in weight are primarily attributable to differences in lean body mass and fat mass 
between the gender groups (McArdle et al., 2007: 515). Water accounts for approximately 66% 
of body mass in males and 50% body mass in females largely due to the fact that muscle mass is 
more dense given that it constitutes 75% water, whereas fat mass is only 10% water (Martini & 
Bartholomew, 2010: 195 - 200). Males typically have a greater lean mass whereas females 
exhibit greater amounts of fat mass which is largely attributable to the effects of the hormone 
testosterone being more abundant in the male species, hence the disparities in weight (McArdle 
et al., 2007: 515). Although this accounts for gender differences in weight, differences in lean 
mass and fat mass were not assessed in this study. Differences pertaining to body mass index 
were used instead (discussed under the relevant “body mass index” section of this chapter). 
General correlations exist in terms of joint kinematics. Women tend to exhibit greater amounts of 
hip internal rotation and hip adduction (Cho et al., 2004: 148; Ferber, Davis & Williams, 2003: 
351; Chiu & Wang, 2007: 386). In addition to this, women generally exhibit increased anterior 
pelvic tilt, increased valgus motion and increased extension at the knee during stance phase, and 
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decreased ankle flexion joint moments compared to their male counterparts (Cho et al., 2004: 
146; Roislien et al., 2009: 441).  
In terms of the foot progression angle during the stance phase of gait, men demonstrated greater 
amounts of external rotation whereas women had greater amounts of internal rotation (Roislien 
et al., 2009: 442). Whether or not these factors lead to differences in ground reaction forces 
remain somewhat controversial (Ferber et al., 2003: 351).  
From the literature it is also evident that a positive correlation exists between gender and gait 
speed (Cho et al., 2004: 148; Chiu & Wang, 2007: 388; Roislien et al., 2009: 441). Research has 
established that, on average, men have a faster gait speed than women which can largely be 
attributed to the greater stride length rather than stride cadence thereby resulting in a greater gait 
velocity (Hay, 1993). 
Even though research has demonstrated that gender differences exist, the extent of how these 
factors pertain to different racial groups needs to be investigated and built upon. In other words it 
is important to establish to what extend differences may or may not exist not only between men 
and women of the same racial groups but to also compare these to different racial groups in the 
quest to establish gender and race based norms.    
 
2.6.4 Race 
Although substantial evidence exists to suggest that significant differences are present regarding 
plantar pressure values and impulse figures between males and females, the extent to which these 
vary amongst different racial groups is very limited (Cho et al., 2004: 146; Ashizawa, 1997 in 
Fessler et al., 2005: 46). 
Putty et al. (2009) conducted a comparative study examining different plantar pressure variables 
between Caucasian and Indian population groups. It was determined that Caucasians exhibited 
greater peak pressures primarily under the heel and metatarsal heads as well as greater pressure 
time integrals under the first and fifth metatarsal heads. However, there were two noteworthy 
limitations. Firstly, the sample of the study was too small to infer any significant correlations to 
the general population and secondly, the participant sample consisted only of male volunteers. 
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A race based study comparing Caucasian and Hispanic population groups did not find any 
significant race-based differences, especially after having adjusted for age, weight and height 
(Solano et al., 2007: 507).   
A study conducted on New Zealand, Pacific Islanders and Maori rugby players suggested that 
structural plantar differences exist (Gurney et al., 2009: 554). It was found that Caucasian and 
Maori subjects had a relatively wider forefoot than their Pacific Islander counterparts, however, 
the Pacific Islander’s foot was found to be wider than both the former race groups in absolute 
terms. Maori and Pacific Islanders demonstrated greater loading of the mid- and forefoot regions, 
whereas Caucasians exhibited greater loading of the toes. It was also found that the Pacific 
Islanders had significantly more pronounced hallux valgus angles compared to the other test 
subjects (Gurney et al., 2009: 556). However, the sample size is considered too small and 
specific to rugby playing populations. 
A separate study by Gasperino, Wang, Pierson and Heymsfield (1995: 31) found that black 
women exhibited greater amounts of appendicular muscle and skeletal mass as well as upper 
body fat distribution compared to their white female counterparts. These differences were found 
to be independent of body weight, height or percent body fat as women were matched for age, 
weight and height (Gasperino et al., 1995: 31). These anatomical and anthropometric differences 
are of interest as they may explain differences in weight, and therefore BMI, observed between 
black and white females pertaining to this study.  
It is also interesting to note that when looking at the cross-sectional geometric properties of the 
metatarsals of European-American and African-American males and females it was found that 
African-American population groups exhibited greater axial and bending strengths of the 
metatarsal bones (Griffin & Richmond, 2005: 256). This may account for the incidence that 
metatarsal stress fractures occur more frequently in Caucasian population groups, specifically 
under the second and third metatarsal heads (Griffin & Richmond, 2005: 256). 
It is therefore clear from the preliminary evidence that various race-based differences do indeed 
exist with regards to foot morphology, pressure distribution and impulse values. Standardized 
assessment approaches and adequate sample sizes however need to be established in order to 
make any true cross-cultural associations.  
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South Africa has a diverse population constituency which consists of various race groups. The 
contribution of each race group to the population as a whole is as follows (Statistics SA, 2009): 
 Black African 79%  
 White 9.6% 
 Coloured 8.9% and  
 Indian/Asian 2.5% 
This information is made more pertinent in Table 2.3 on the following page as it demonstrates 
the total number of males and females of the relevant age category pertaining to this study. 
 
Table 2.3  
NMMM Population Data according to race and gender for the 20 to 29 years age cohort  
Gender African Black Coloured Indian/Asian White Total 
 N % N % N % N % N % 
Male 57 029  62.8 21 070  23.2 949  1.0 11 804  13.0 90 852  100 
Female 61 878  64.3 21 751  22.6 934  0.9 11 710  12.2 96 273  100 
Source: Adapted from Statistics South Africa, 2009 
Participants in the present study were recruited from the university student population in the 
Eastern Cape province of South Africa. It was important to establish the percentage of this 
population group relative to the South African demographics. From Table 2.4 below one can 
observe the number of individuals in the Eastern Cape that have attended higher levels of 
education in the Eastern Cape. This equated to 6.3% of the Eastern Cape population. 
Table 2.4  
Educational attainments for persons aged 20 years or older by province, 2001 
Level of Education 
Eastern Cape South Africa 
N % N % 
No Schooling 743 583 22.8 4 567 275 17.9 
Some Primary 644 101  19.8 4 084 259 16.0 
Complete Primary 340 396 7.4 1623 536 6.4 
Some Secondary 963 217 29.6 7 846 096 30.8 
Grade 12 459 434 14.1 5 200 415 20.4 
Higher 204 509 6.3 2 151 180 8.4 
Total 3 255 240 100.0 25 472 761 100.0 
Source: Adapted from Statistics South Africa, Census 2001 
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The data pertaining to the Eastern Cape is then further categorized by race group in Table 2.5 
below. Of interest are only those values relating to individuals who have partaken in higher 
levels of education as these form a subset of the university student population. 
 
Table 2.5  
Distribution of educational achievement for persons aged 20 years or older by population 
group, Eastern Cape, 2001 
Level of Education 
Black African Coloured Indian/Asian White Total 
N % N % N % N % N % 
No Schooling 715 837 26.1 25 187 9.2 301 2.5 2 257 1.0 743 583 22.8 
Some Primary 590 357 21.5 50 704 18.5 545 4.5 2 495 1.1 644 101 19.8 
Complete Primary 209 696 7.6 28 515 10.4 350 2.9 1 835 0.8 240 396 7.4 
Some Secondary 776 304  28.3 111 187 40.5 3 565 29.6 72 161 32.1 963 217 29.6 
Grade 12 316 431 11.5 46 940 17.1 4 131 34.3 91 932 40.9 459 434 14.1 
Higher 135 096 4.9 11 960 4.4 3 141 26.1 54 312 24.1 204509 6.3 
Total 2 743 721 100.0 274 493 100.0 12 034 100.0 224 993 100.0 3 255 241 100.0 
Source: Statistics South Africa, Census 2001 
This data is itemized further in Table 2.6 by relating the data to individuals enrolled in the 
Nelson Mandela Metropolitan University so as to gain greater appreciation of the sample size 
and composition. 
 
Table 2.6 
Nelson Mandela Metropolitan University - Student Enrolment Numbers for 2009 
Type Contact 20 365 89.9% 
  Distance 2 247 9.9% 
  Non-formal  40 0.2% 
Gender Male 10 390 45.9% 
  Female 12 262 54.1% 
Race African 13 401 59.2% 
  White 5 758 25.4% 
  Coloured 2 986 13.2% 
  Indian  502 2.2% 
  Other  5 0.0% 
Source: Adapted from www.metromediasa.com 
It needs to be stated that the consensus data presented in Tables 2.3, 2.4 and 2.5 were the most 
recent that the researcher could find. Although there is a relative mismatch between the 
consensus dates of the population and the date when the present study was conducted it 
nevertheless gives an indication of how representative the population attending the higher 
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education is of the total population in the Eastern Cape (6.3%), as well as of the total South 
African population (8.4%). Table 2.6 reflects the distribution of the various races within the 
NMMU (a year prior to the commencement of the present study) and gives an indication of how 
representative the race distribution at the relevant university was compared to that of the total 
South African population (0.09%). From the latter comparison it is clear that the African black 
population was slightly under represented while the white and coloured population was slightly 
over represented. 
 
2.6.5 Physical Activity 
Physical activity is an umbrella term that is defined as any form of muscular activity (Powers & 
Howley, 2007: 321). It therefore results in the expenditure of energy that is proportional to the 
amount of muscular work and may include activities such as sport, gym, gardening, taking the 
stairs instead of the elevator amongst other such activities. Physical fitness in turn is defined as a 
set of attributes that people have or develop that relate to the ability to perform exercise (Powers 
& Howley, 2007: 321; McArdle et al., 2007: 886). Fitness results from some combination of 
frequency, intensity and duration of performing a physical activity via the improvement of 
cardiovascular fitness, flexibility, strength, endurance, balance, agility, speed, power and body 
composition, thereby improving one’s health-related fitness (McArdle et al., 2007: 886). Lastly, 
exercise may be defined as planned, structured, repetitive and purposeful physical activity and 
therefore forms the largest component of physical activity (McArdle et al., 2007: 886).  
Research has indicated the presence of a clear link between foot structure and muscle activation 
patterns (Murley et al., 2009c: 174). Therefore the pes planus (flat arch) and pes cavus (high 
arch) foot structures experience different pressure loading patterns of the various structures of 
the foot compared to normal foot structures. Other studies have also demonstrated the link 
between changes in pressure and impulse values prior to and immediate after physical exertion 
with specific reference to running events (Arndt, Ekenman, Westblad & Lundberg, 2002: 621; 
Wu et al., 2007: 384; Nagel et al., 2008: 153). However, presently no research indicates whether 
a link exists between the level of physical activity (sedentary to low, moderate, or high levels) 
and its respective influence on foot structure and the subsequent impact on plantar pressure and 
impulse values experienced at the plantar aspect of the foot. In other words, it remains to be 
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established whether partaking in regular physical activity changes the plantar pressure or impulse 
values experienced by the foot over time. 
Although research indicates that muscle fatigue, inflexibility, malalignment, adverse 
biomechanics, pronated foot posture, and previous injury all affect plantar pressure values, it is 
unclear whether physical activity alone causes these morphological changes (Sadeghi, Allard, 
Prince & Lebelle, 2000: 35; Razeghi & Batt, 2002: 282; Willems et al., 2006: 92; Scott et al., 
2007: 71; Murley et al., 2009c: 175; Waterman et al., 2010: 2280). 
Studies conducted on marathon runners both prior to and immediately after a marathon revealed 
altered foot loading characteristics with greater post-race peak pressure and impulse values under 
the forefoot and decreased values under the toes (Arndt et al, 2002: 625; De Cock et al., 2006: 
344; Nagel et al., 2008: 154).  
Gait is significantly impacted by previous injury as it changes the temporospatial characteristics 
of gait (Arndt et al., 2002: 622; Burns et al., 2005; Waterman et al., 2010: 2280). There is a 
reciprocal relationship between foot structure, plantar pressure and physical activity in that foot 
structure affects plantar pressure which in turn may increase the risk of injury and reduced levels 
of physical activity (Razeghi & Batt, 2002: 282; Redmond et al., 2008: 3; Prentice, 2009: 617; 
Waterman et al., 2010: 2280). The converse is also true as lower limb injury affects gait 
dynamics which again influences plantar pressure. It is for this reason that those with previous 
injury or recent surgical intervention are eliminated from research studies focusing on normal 
plantar pressure distribution patterns and pressure values. 
It was mentioned earlier that physical activity levels may impact on foot morphology and that it 
is unclear whether physical activity alone could be responsible for such changes. It is for this 
reason that, in the present study, it was decided to control for the levels of physical activity that 
participants were involved in. 
2.6.6 Body Mass Index 
Body mass index (BMI) is defined as the ratio of body weight (in kilograms) to height (in 
meters) squared: BMI = wt [kg] ÷ ht [m
2
] (Powers & Howley, 2007: 377).  
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Table 2.7 
Classification of BMI (adapted from Powers & Howley, 2007: 377) 
Classification BMI (Kg/m
2
) 
Underweight < 18.50 
Normal 18.50 - 24.99 
Overweight 25.00 - 29.99 
Obesity - Class I 30.00 - 34.99 
Obesity - Class II 35.00 - 39.99 
Extreme Obesity - Class III > 40.00 
 
It is a useful measure of weight distribution relative to one’s height and is moderately associated 
with body fat and disease risk as compared to measures of stature and weight alone (McArdle et 
al., 2007: 774). Both male and female subjects are classified on the same scale. 
The distribution of BMI over the surface area of the foot would therefore exhibit some form of 
pressure. From a purely mathematical viewpoint pressure is defined as the amount of force 
acting on a surface divided by the area over which the force acts (Orlin & McPoil, 2000: 400):  
 P (N/cm2) = F (N) / area (cm2). 
It is therefore logical to assume that if a greater amount of force, in terms body mass, is exerted 
over the same area, the foot, greater amounts of peak pressure should be experienced at the 
plantar surface. However, due to the unique structure and properties of the foot and ankle, this 
principle is not entirely correct as is evident from the following paragraph. 
Literature regarding weight and plantar pressures indicates that BMI is related to peak pressure 
during dynamic measurements although the location of peak pressure varies somewhat. Birtane 
and Tuna (2004: 1056) state that those classified as obese (BMI greater than 30.0 kg/m
2
) exhibit 
only greater peak pressures in the midfoot compared to their non-obese counterparts. Hills et al. 
(2001: 1675) however found that significantly higher plantar pressures were found in the heel, 
midfoot, metatarsals 2 – 4 as well as the hallux of obese male participants compared to non-
obese males. Significant plantar pressures in the obese female population were found to be in the 
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midfoot and metatarsals 1 – 5 compared to non-obese female participants of the same study 
(Hills et al., 2001: 1676). Studies examining the impact of weight or BMI on impulse values 
could not be found at the time of this literature review. 
An obvious limitation of using the BMI method is that there is no way of distinguishing between 
someone who is heavily muscled or simply overfat (Powers & Howley, 2007: 377 - 378). It is for 
this reason that, in the present study, the BMI limit for inclusion purposes was set at less than 
30.0 kg/m
2
 as it enables examiners to differentiate between obese and non-obese individuals to a 
greater extent. 
 
2.7 SUMMARY OF LITERATURE AND KEY POINTS 
By examining the plethora of information and available research, it is clear that a multitude of 
variables exist that both directly and indirectly influence the foot and its plantar surface. Added 
to this are the variety of testing methods, techniques and procedures that are employed by 
different technicians, researchers and analysts, thereby contributing to the large amount of 
variation that exist in respect of measurements and subsequent comparisons between groups of 
individuals. 
Several leading factors have clear effects or are associated with plantar pressure and impulse 
values and are well documented. These include height, weight, BMI, physical activity, gender 
and race. However, the level of physical activity and the impact of race are much less definitive, 
especially in a South African context.  
Increased weight, and therefore BMI values, of participants increase the magnitude of the force 
experienced over the various regions of the foot, thereby impacting the pressure values over that 
region. The effects of BMI on impulse values are less well documented and therefore warrant 
greater amounts of research. Gender differences pertaining to pressure and impulse values have 
been established, indicating that males, generally, exhibit larger pressure and impulse values. 
Race-specific differences have also been investigated revealing the presence of significant 
differences between race groups relating specifically to foot morphology and structure. However, 
none have compared black African, white and coloured race groups, let alone in a South African 
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context. Also, very few studies have sufficiently compared plantar pressure and impulse figures 
of the normal population as most of the available literature focuses on abnormal and pathological 
conditions relative to the normal foot. Therefore a considerable need remains for further research 
in this regard. 
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METHODS AND PROCEDURES 
 INTRODUCTION 
 RESEARCH DESIGN 
 PARTICIPANT RECRUITMENT AND SELECTION 
 MEASURING INSTRUMENTATION 
 MEASUREMENTS 
 ETHICAL CONSIDERATIONS 
 DATA COLLECTION PROCESS 
 DATA ANALYSIS 
 
3.1 INTRODUCTION 
Although there is substantial data available regarding dynamic plantar foot pressures, this 
data is limited regarding plantar pressure distribution measurements of various race and 
gender groups (Solano et al., 2007: 506; Gurney et al., 2009: 556), especially in a South 
African context. The significance of such data serves as a baseline from which deviations 
can be accurately and reliably measured thereby enabling practitioners and clinicians to 
identify potential risks for injury (Dahle et al., 1991: 72; Burns et al., 2005: 880; 
Waterman et al., 2010: 2280). It has been established that foot abnormalities such as 
over-pronation, under-pronation, forefoot and rearfoot varus, forefoot valgus, bunions, 
calluses, hammer toes and claw toes, amongst others, all have impacts on the plantar 
distribution patterns of the foot during gait, and this in turn may affect the joints and 
structures further up in the kinetic chain (Donatelli, 1985: 95; Prentice, 2009: 576). As 
such identifying what is considered normal with regards to the plantar pressure and 
impulse values will provide greater insight into abnormal values and the potential risk for 
injury and therefore injury prevention. 
In the text to follow are the methods and procedures employed to collect and analyse the 
relevant data for this study. Anthropometric data as well as plantar pressure and impulse 
data collected enabled the generation of reference data for specific gender and race 
categories within the 18 to 30 year age range. 
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3.2 RESEARCH DESIGN 
The chosen study design implemented in this study was the quasi-experimental study 
design. Thomas and Nelson (2005: 323) defined the quasi-experimental study design as 
one where the goal is to evaluate and analyse a single instance in as natural a setting as 
possible. Pertaining to this study the single instance was the measurement of plantar foot 
pressure distribution patterns and impulse values of participants, while participants 
crossed a pressure platform with as natural a gait as possible. 
A randomized one-group post-test-only design was implemented, although true 
randomization was not employed as participants selected for the study had the option to 
volunteer. Furthermore, there was only one collective group and one test, thereby 
deeming the randomized one-group post-test-only design as appropriate for the purposes 
of the study (De Vos, Strydom, Fouchè, & Delport, 2005: 139).  The aforementioned 
design implies that a carefully studied single instance (dynamic plantar pressure) is 
implicitly compared in respect of other factors such as race and gender within a specific 
age and BMI range. The age range will be limited to those aged 18 to 30 years as this is 
most representative age categorization of the university student population. The body 
mass index (BMI) range will be limited to those who are between 18.1 to 29.9 kg/m
2
 as 
this differentiates between obese and non-obese participants, thereby ensuring that 
excessively overweight individuals are precluded from participating in this study. 
 
3.3 PARTICIPANT RECRUITMENT AND SELECTION 
Participants recruited for this study were all of the Nelson Mandela Metropolitan 
University (Port Elizabeth, South Africa) and had to meet the following inclusion criteria: 
 Registered at the Nelson Mandela Metropolitan University providing proof in terms 
of individually assigned student numbers. 
 Fall within the aforementioned age range (18 – 30 years of age). 
 Fall within the normal BMI range (18.1 - 29.9 kg/m2). 
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A total of 180 participants (90 male; 90 female) were recruited for this study so as to 
meet the requirements for statistical analysis. The mean age of the groups as a whole was 
determined to be 22.21 years  (S.D. ± 2.93);  mean weight was established as 66.97kg 
(S.D. ± 12.01); mean height was measured as 169.69 cm (S.D. ± 8.91) and mean BMI 
scores were calculated as 23.16 kg/m
2
 (S.D. ± 3.15).  There were a total of 30 male and 
30 female participants per representative race group (African black, white and coloured). 
Indian/Asian participants were not selected for this study as the population sample for 
that group was too small, thus sufficient participant numbers could not be obtained. 
Non-probability purposive sampling was used in the recruitment and selection process as 
certain characteristics of interest needed to be met (De Vos et al., 2005: 201). Those 
meeting the predefined inclusion criteria were then screened prior to testing whether they 
presented any of the following exclusion criteria:  
 Foot Pain and/or deformity (e.g. bunions, calluses, metatarsal stress fracture etc.). 
 Acute lower extremity trauma within the past 12 months. 
 Lower extremity surgery. 
 Exhibited problems of performance including eye, ear or cognitive impairments. 
 Diabetes Mellitus or related peripheral neuropathy. 
 Use of walking aids. 
 
As participation was voluntary, the participant recruitment process was initiated through 
various mediums so as to ensure that all university students had an equal opportunity to 
be selected for the study. Posters informing university students of the details and 
requirements of the study were displayed throughout the university grounds. The 
university intranet was made use of in order to send each and every student an email 
providing all necessary study and contact details. The onus was therefore on the student 
to get hold of the primary researcher if they expressed interest for the study.  
Due to the nature of the study, participants were only able to complete the informed 
consent forms and participant questionnaires at the testing venue once they had expressed 
interest to partake in the study. All necessary information was then completed on both the 
consent form as well as the questionnaire prior to the commencement of testing. The 
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necessary measurements of height and weight were then taken upon which the participant 
was directed to the plantar pressure measurement venue where the necessary foot 
pressure measurements were recorded and saved for analysis. Once all essential 
measurements and information were obtained a decision would be made whether or not 
the participant would be included in the study based on the exclusion criteria stated 
above. 
3.4 MEASURING INSTRUMENTATION 
Four data collection instruments were utilized in the study and are observed in the 
following sections. 
 3.4.1 Questionnaire 
During the participant recruitment process potential participants were given or sent an 
information letter requesting participation for the study and providing individuals with all 
the necessary information regarding the aim and objectives of this study (Appendix A). 
Once individuals expressed interest to partake in this study they were required to 
complete an informed consent form (Appendix B). It was important, for the purpose of 
this study, that participants were included that were as representative of the normal 
university student population as possible. To control for this, a questionnaire had been 
established with the aim of identifying those subjects that could be included while 
simultaneously identifying those that should be excluded (Appendix C). The 
questionnaire obtained general biographic and anthropometric information such as name, 
surname, student number, date of birth, gender, ethnicity, home language, qualification 
for which the participant is enrolled, injury history, current levels of physical activity as 
well as height, weight and shoe size.  
3.4.2 Height 
Although height in itself is not used as a criterion measurement for inclusion or 
exclusion, it is used in the calculation of the participant’s BMI score. To accurately 
measure the participant’s height, use was made of the Holtain stadiometer (Cymmych, 
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Pembs., UK) at the Biokinetics and Sports Science Unit of the Nelson Mandela 
Metropolitan University (NMMU). It is calibrated to measure height to the nearest 0.1cm. 
 3.4.3 Weight 
In conjunction with the height measurement, measurement of the participants’ weight 
was used for calculation purposes regarding the participants’ BMI rating. So as to 
successfully and accurately measure the participant’s weight, use was made of a 
calibrated Scalemaster Medical electronic weighing scale, more specifically the which 
was calibrated to measure weight to the nearest 0.01kg. 
3.4.4 Dynamic Plantar Pressure  
The equipment used for the purposes of plantar foot pressure measurement was the RS 
Footscan® system (Olen, Belgium). The dimensions of the system were as follows: 2m x 
0.4m x 0.02m with 16 384 resistive sensors. This system runs on a continuous calibration 
of 100Hz as subjects performed trials at a walking pace. Initial contact would be 
identified by the force plate when at least three sensors were activated at a resultant force 
level greater than 5N.  An 8-bit A/D conversion was used, thereby providing each sensor 
with a resolution of 0.5N as well as a maximum measuring range of 127N. 
Each sensor has a total length of 7.62mm and width of 5.08mm, therefore mimicking the 
dimensions of the human foot. Due to the physical property of pressure spreading over 
the pressure sensitive layer, there is no insensitive space between the individual sensor 
contacts. The number, and dimensions, of each sensor is extremely important regarding 
the measurement pressure and impulse values. For example, if a force of 50 N were 
applied to a 1cm
2
 sensor, the resulting pressure would be 50 N/cm
2
, whereas if the same 
force were applied over a 4cm
2
 sensor the resulting pressure would only be 12.5 N/cm
2
. 
This is noteworthy if one considers the amount of inter-subject anatomical variation with 
regards to the size of the metatarsal heads, hallux and toes relative to foot size (Orlin & 
McPoil, 2000: 402). The RS Footscan equipment was kindly financed by the National 
Lottery Distribution Trust Fund (NLDTF).  
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The actual hardware components consisted of the forceplate, electronic timer, Bower 
photocell system as well as the computer.  
3.4.4.1 Weight Calibration of the RS Footscan®  
Weight calibration is necessary every few weeks, especially if the footscan® pressure 
plate is used as a stand-alone model. An individual’s weight in kilograms that has been 
accurately and reliably measured is entered into the computer. The individual is then 
asked to walk across the pressure platform. Once this is completed, the recalibration 
process will be finished. 
3.4.4.2 Force Plate Calibration 
It is important to ensure that the correct sensitivity settings and correct force plate 
dimensional settings are used. It is also important to ensure that zero pressure is exerted 
on the plate during the calibration process. Once the force plate calibration process is 
complete it is relatively simple to confirm the connection and sensitivity setting as forces 
are updated online. Therefore if a participant were to stand on the force plate, the vertical 
force channel provides the relative amount of Newton’s for the participants’ weight. 
 
3.5 MEASUREMENTS 
 3.5.1 Height 
The assessment of height has several technical aspects with regard to accurate and 
reliable measurement. Participants were required to stand barefoot, facing away from the 
stadiometer, with buttock and scapulae touching the vertical platform. The positioning of 
the head is considered important so as to ensure that the vertex of the cranium is the most 
superior portion of the head, termed the Frankfort plane (Kendall, McCreary, Provance, 
Rodgers & Romani 2005: 60 - 63). To ensure that this position is attained, the participant 
is instructed to position the head so that the lower ridge of the orbital of the eye socket is 
in line with the trageon of the ear. Once this position had been attained measurement of 
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height to the nearest 0.1cm was taken at the end of a normal expiration by lowering the 
headboard of the stadiometer until it makes firm contact with the vertex of the skull. 
 3.5.2 Weight 
Evaluation of weight may be prone to errors if done incorrectly. For the purposes of this 
study, measurements were taken with the participant wearing as minimal clothing as 
possible given that this may impact the weight measurement value. All participants were 
requested to remove their shoes and socks as well as any unessential items of clothing 
were also removed such as jackets, scarves and hats. With the participants’ weight evenly 
distributed over both feet, mass was measured to the nearest 0.01kg. 
 3.5.3 Dynamic Plantar Pressure  
To accurately measure plantar foot pressure participants were required to walk across the 
2m long RS Scan® pressure platform with as natural a gait as possible. The 2-step gait 
initiation protocol was implemented in this study whereby participants began the test 
from a stationary position so that they land on the pressure platform within 2 steps and 
continue to walk over and beyond the pressure platform, thereby covering a total distance 
of 5m (Bus & de Lange, 2005: 893). When walking across the platform participants were 
requested to focus their gaze at a point straight ahead so as to avoid targeting the pressure 
platform. Gait initiation per trial was alternated between left and right feet respectively so 
as to ensure an equal amount of plantar pressure recordings were obtained for each of the 
two feet respectively. 
Normal walking velocity for participants of this age group was found to be within the 
range of 1.19-1.60 m/s (Prince et al., 1997: 130; Bohannon, 1997: 17; Burnfield et al., 
2004: 81; Taylor et al., 2004: 51; Chiu & Wang, 2007: 390; Pataki et al., 2008: 1989). To 
ensure that this was maintained for all participants throughout the study photocells 
(Bower Timing Systems – Speedtrap 2) were set two meters apart and connected to an 
electronic timer. Participants were requested to perform up to five successful ‘warm-up’ 
trials at the aforementioned walking velocity before the commencement of data recording 
and collection. Once this was achieved consistently the actual testing process would 
begin, upon which a total of 10 successful walking trials were recorded and saved. 
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3.6 ETHICAL CONSIDERATIONS 
It is important to note that the Research Ethics Committee (Human) of the Nelson 
Mandela Metropolitan University approved this study (REC-H number: 
H10HEAHMS003). Researchers are bound by responsibility in two regards, firstly, 
responsibility to those who participate in the research, and secondly, responsibility to the 
discipline of science (De Vos et al., 2005: 139). Upon arrival at the testing venue the 
participants were greeted by the principal researcher and the purposes of the study as well 
as participant rights were verbally reiterated. These rights included: 
 The right to unconditionally withdraw from the study at any given point in time 
 The right to privacy 
 The right to anonymity 
 The right to confidentiality 
 The right to expect experimenter responsibility and professionalism 
 
Potential participants were informed about the measuring and testing procedures as well 
as requirements with regard to appropriate attire via a participant recruitment letter 
 
 
 
 
 
 
 
 
 
Figure 3.1 
Footscan Protocol Set-up 
 
 
 
 
 
 
FIGURE 3.1 
TESTING EQUIPMENT SET-UP 
Computer 
Electronic 
Timer 
Photocells 
RS Footscan 
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(Appendix A). Once participants expressed their interest to partake in the study they were 
then required to provide written consent (Appendix B). Each participant was therefore 
thoroughly informed, both verbally and in written format, about their rights as well as the 
aim and objectives of this research study.  
3.7 DATA COLLECTION PROCESS 
Once this preliminary process was completed the actual testing process began whereby 
the participant was taken to the evaluation room at the Biokinetics and Sports Science 
Unit at NMMU. A testing sheet/questionnaire aided in the logical testing procedure 
(Appendix C). The participant’s personal information such as name, date of birth, level of 
physical activity, ethnicity, gender, height and weight was measured and their respective 
BMI scores calculated. Specific questions were asked pertaining to the aforementioned 
exclusion criteria. As soon as this secondary process was completed it was established 
whether or not the participant qualified for the study. 
Pertaining to this study, in order to be consigned into the low physical activity category, 
participants would have to be largely deskbound or participate in sports or exercise less 
than three days per week for less than or equal to 30 minutes per session at relatively 
relaxed intensity levels. These individuals were assigned a value of one in the 
questionnaire. Moderate levels of physical activity were classified as participants moving 
about regularly and performing more manual tasks or, to partake in exercise or sport three 
to five days per week for approximately 30 to 90 minutes per session at a moderate level 
of intensity. Moderately active individuals were assigned a value of two in the 
questionnaire. Finally, placement into the high physical activity category required 
participants to perform manual labour tasks or partake in a sport or exercise regime at 
least five days per week for a minimum of 90 minutes per session at a high intensity. 
Highly active participants were assigned a value of three in the study questionnaire. At 
least two of the three criteria (duration, frequency, intensity) would have to be met in 
order to be categorised into any specific category pertaining to those individuals that 
could not automatically be classified depending on the answer provided under that 
section of the questionnaire.  
Plantar Pressure and Impulse Values of Students of a South African University • Chapter 3: Methods and Procedures • 53 
Nelson Mandela Metropolitan University • Department of Human Movement Science  
Participants were then taken to the plantar pressure testing venue at the Human 
Movement Science (HMS) Department at NMMU, where the participant was asked to 
perform his/her five ‘warm-up’ trials by walking across the RS footscan® platform. Once 
these had been successfully completed the participant was asked to perform 10 actual 
trials that were recorded and saved for analysis. 
This process was repeated until data for a minimum of 180 participants had been 
successfully recoded and saved for statistical analysis. Once the testing process was 
completed the participant was debriefed and given verbal feedback. All relevant 
information was then coded so as to ensure participant confidentiality. 
 
3.8 DATA ANALYSIS 
It was the aim of this study to investigate plantar pressure distribution and impulse values 
of students of a South African university. This study therefore wanted to determine 
whether gender, ethnicity, age, height, weight, BMI and physical activity are related to 
these values. Secondly it was of importance to establish normative data in the form of 
reference tables. 
In order to determine the plantar pressure and impulse values and distribution patterns for 
each of the 30 foot prints per participant tested, the three footprints of every trial for all 
participants had to be manually adjusted in terms of sensor placement so as to ensure 
correct pressure and impulse recordings. The RS Scan software divides the footprint into 
ten anatomical areas for analysis namely the hallux (great toe), lateral toes, metatarsal 1 
through 5, midfoot, medial heel and lateral heel. Therefore the adjustment of sensor 
recording had to be done for each footprint for all participants, with each change being 
accurately recorded and saved.  
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    Before Adjustment      After Adjustment 
Figure 3.2 
Placement of Sensors and Regional Classification of the Foot 
 
 
This data was then extracted into Microsoft® Excel where the average for all ten trials 
per participant could be calculated and placed into matrix format for more detailed 
analyses. These ten variables were then further grouped into three categories, namely the 
forefoot, midfoot and heel (Figure 3.2). The forefoot category consisted of the hallux, 
lateral toes and all five metatarsal sensors; the midfoot category consisted of the midfoot 
pressure sensor only; and the heel category comprised of the lateral and medial heel 
sensors.  
Placement of these sensors allowed for more accurate pressure and impulse readings over 
specific anatomical regions of the foot. To ensure good reliability and repeatability in 
terms of sensor placement, 20 random participants were selected and the sensor 
placement procedure was done repeatedly so as to determine the inter-tester correlation 
coefficient (I.C.C.) and technical error or measurement (T.E.M.) values for pressure and 
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impulse respectively. An I.C.C. score of 0.98 and T.E.M. score of 2.21 (T.E.M. % = 
96%) was achieved regarding pressure values. An I.C.C. score of 0.98 and T.E.M. score 
of 0.01 (T.E.M. % = 96%) was achieved regarding impulse values.    
Although pressure values are typically expressed as N/m
2
, this study as well as several 
others, represented pressure values as N/cm
2
 due to the small size of the sensors (Putti et 
al., 2009: 196). Impulse values are inextricably linked to the pressure values of the same 
sensor and are thus represented as Ns/cm
2
 as it takes into account the time factor over 
which pressure was exerted over a specific anatomical landmark.  
The services of a qualified statistician based at the Nelson Mandela Metropolitan 
University were employed to assist with the statistical analyses and interpretations 
thereof. 
Descriptive and inferential statistics, incorporating both numerical (mean, standard 
deviation and frequency distributions) as well as graphical representations (histograms, 
bar graphs and/or scatterplot graphs) of the relevant information were employed. The 
Statistica 10.1 statistical analysis program was used to analyse the raw data.  
To achieve the first objective of the study analysis of variance (ANOVA) and analysis of 
covariance (ANCOVA) were used to determine whether any statistically significant 
relationships existed between plantar pressure and impulse values and the dependent 
variables of ethnicity, gender, and level of physical activity. If any significant differences 
were found they were further analysed using the post-hoc Scheffè test as well as being 
tested for practical significance using Cohen’s d. A significance level of α = .05 was used 
for all inferential statistical analyses. The Chi
2
 test was used to determine whether, based 
on frequency distributions, any relation between pressure and impulse and the dependent 
variable of height, weight, BMI were deemed to be statistically significant, with Cramer’s 
V revealing any practical significance. With regards to establishing the presence of 
practical significance pertaining to correlation statistics, r values greater than 0.3 (r > 0.3) 
were also assumed to be practically significant. This was used when analysing whether 
height, weight and/or BMI values were related factors regarding pressure and impulse 
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values experienced under the different regions of the feet. Statistical data was analysed 
for practical significance as indicated in Table 3.1 below. 
Table 3.1 
Practical Significance Interpretation Intervals 
Inferential Test: 
Statistic 
Small Moderate Large 
ANOVA: 
Cohen’s d 0.2 < d < 0.5 0.5 < d < 0.8 d > 0.8 
ANOVA: 
Eta squared η² < .09 .09 < η² < .25 η² > .25 
Chi² Test: 
Cramér's V 
      
df* = 1 .10 < V < .30 .30 < V < .50 V  > .50 
df* = 2 .07 < V < .21 .21 < V < .35 V  > .35 
df* ≥ 3 .06 < V < .17 .17 < V < .29 V  > .29 
Correlation: 
r .10 < r < .30 .30 < r < .50 r > .50 
df* = Minimum (Rows - 1, Columns - 1) 
 
In addition to the above, differences in height, weight and BMI between the gender and 
race groups were assessed for statistical significance using ANOVA testing. The Tukey’s 
HSD (honestly significant difference) test was then used as a post-hoc test to determine 
which gender and race groups were of any statistical significance. Multivariate ANOVA   
was also used to establish whether pressure and impulse differences, observed for each of 
the ten anatomical landmarks under the plantar aspect of the foot, for each of the gender 
and race groups were statistically significant. Tukey’s HSD was then used to determine 
which dependent variables were significantly different.  
Lastly, in order to meet the secondary objective of this study, reference data in the form 
of stanine tables for pressure and impulse values were established for each gender and 
race group. Stanine scores were ranked from lowest to highest, with the lowest 4% being 
assigned a stanine of 1 (extremely low), the next 7% a stanine of 2 (very low) and so 
forth. Table 3.2 below illustrates the complete stanine format in addition to the 
descriptive label that corresponds to the stanine ranking.  
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Table 3.2  
Stanine Categories and Descriptive Labels 
 
  
 
 
Stanine 
Percentile 
Rank Range 
Descriptive Label 
1 < 4% Extremely Low 
2 < 11% Very Low 
3 < 23% Low 
4 < 40% Below Average 
5 < 60% Average 
6 < 77% Above Average 
7 < 89% High 
8 < 96% Very High 
9 < 100% Extremely High 
4 
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RESULTS and DISCUSSION 
 INTRODUCTION 
 FACTORS ASSOCIATED WITH PRESSURE AND IMPULSE VALUES 
 NORMATIVE DATA 
 
4.1 INTRODUCTION 
The foot, being the mediation point between the body and the ground, has been identified as an 
important anatomical structure and accounts for much of the discomfort, pain and risk of injury 
experienced not only by the foot and ankle but also the superincumbent joints and structures of 
the human body including the lower leg, knee, hip and lower back (Donatelli, 1985: 93; Orlin & 
McPoil, 2000: 402; Prentice, 2009: 565). As such it is often considered the point of departure 
when analyzing many forms of pain, discomfort and injury as the foot and ankle are deemed the 
first link in the kinetic chain (Donatelli, 1985: 92; Prentice, 2009: 492).  
The purpose of this research was to identify and compare the plantar foot pressure distribution 
patterns and impulse values of students of a South African university of different race and gender 
groups. Additional factors analysed include the effects of height, weight, BMI and level of 
physical activity on these plantar pressure and impulse values. Males and females of a university 
going age were recruited for the study and grouped according to one of three race groups, 
namely African black, white or coloured. Upon the completion of a questionnaire, those subjects 
eligible for inclusion were taken for height and weight measurements. Thereafter plantar 
pressure and impulse values were collected and analysed using the RS Footscan system. In 
conjunction with the objectives of this research, the data was used in a two-fold manner. Firstly, 
to ascertain whether gender, race, height, weight, BMI, and/or physical activity were 
contributing factors to the pressure and impulse values obtained. Secondly, the data collected 
was used to establish reference values according to gender and race groupings thereby providing 
a baseline for future comparisons. 
Although research has shown that plantar pressure and impulse values are influenced by the 
aforementioned factors, little or no information is available in a South African context. It is 
therefore important to establish normative data in this regard to allow for more accurate clinical 
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assessment and to identify the potential risk for injury with the eventual aim of preventing or 
reducing the risk for injury.   
The text to follow will focus on the factors associated with pressure and impulse values 
pertaining to gender, race and gender-race groupings. The impact of variables such as height, 
weight, BMI and physical activity will be investigated relative to the pressure and impulse values 
yielded over the different anatomical regions of the foot. 
Succeeding this will be the section on normative data generated from the pressure and impulse 
values. Normative data was generated for both gender groups as well as all three race groups, 
thus providing clinicians with the data necessary to make inferences regarding normal or 
abnormal pressure and impulse values in a clinical setting.   
4.2 FACTORS ASSOCIATED WITH PRESSURE AND IMPULSE VALUES 
This section is subdivided into several categories so as to provide a clearer overview of the 
factors associated with pressure and impulse values. The first section will provide a brief 
discussion regarding the anthropometric variables (age, height, weight and BMI) of participants 
in order to provide a more well-defined overview of the participant profile. Following this will 
be subsections comparing the pressure and impulse values obtained for each of the gender, race, 
gender-race, physical activity and gender-physical activity subgroups in order to determine 
whether any statistical and practical differences were present. 
 4.2.1 Correlations of Anthropometric Data  
Participants for this study were selected from the Nelson Mandela Metropolitan University of 
Port Elizabeth based on specific inclusion criteria stated in chapter three. The mean age, height, 
weight and BMI of all subjects (n = 180) were 22.04 ± 2.36 years; 169.69 ± 8.91cm; 66.97 ± 
12.01kg and 23.16 ± 3.15 kg/m
2
 respectively. Little difference was observed between the mean 
ages of male (22.40 ± 2.55 years) and female (21.69 ± 2.12 years) participants. Descriptive 
statistics for the group as a whole can be found in Table 4.1 indicating the mean, minimum, 
median, maximum as well as first quartile (Q1) and third quartile (Q3) values for the sampled 
population.  
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Table 4.1 
Descriptive statistics - Anthropometric – All Participants 
Variables n Mean S.D. Min Q1 Median Q3 Max 
Age (years) 180 22.04 2.36 18.00 20.00 22.00 24.00 29.00 
Height (cm) 180 169.69 8.91 147.60 163.78 170.40 176.30 192.80 
Weight (kg) 180 66.97 12.01 41.00 58.00 65.15 76.13 105.00 
BMI 180 23.16 3.15 16.38 20.57 22.84 25.44 29.97 
 
Although the literature indicates that age-related anatomical and physiological anomalies 
influence pressure and impulse values, this is only of any significance for those over the age of 
60 years (Oberg et al., 1993: 213; Hessert et al., 2005: 2; Scott et al., 2007: 68 - 69; Roislien et 
al., 2009: 442). The age of participants recruited for this study was restricted to those aged 
between 18 to 30 years, thus ensuring that foot pressure and impulse values were unaffected by 
age.  
With regards to height of participants it was found that the male population group was somewhat 
taller than the female group by an average of about 12.01cm. This was however not found to be 
practically significant, therefore indicating that height could not account for the observed 
pressure and impulse differences between the gender and race groups (see Table D.26 in 
Appendix D). Greater detail is provided under the relevant “gender” subsection on page 62, with 
specific reference to Tables 4.2 and 4.3.  
Researchers such as Morag and Cavanagh (1999: 361), Cho et al. (2004: 146), Ferber et al. 
(2003: 351), as well as Chiu and Wang (2007: 388) all indicated that, even though there are 
numerous anthropometric gender differences with regards to stature and leg length, height was 
not a contributing factor to the differences observed in plantar pressure and impulse values. 
Anatomical differences in hip width however were found to be contributing factors as hip width 
influenced both hip and knee joint biomechanics, specifically in the coronal plane (Cho et al., 
2004: 148). This analogy however is beyond the scope of this specific study. 
Weight has been shown to impact plantar pressure values by some authors, stating that increased 
mass resulted in higher plantar pressure values (Vela et al., 1998: 419; Hills et al., 2001: 1678; 
Birtane & Tuna, 2004: 1058; Powers & Howley, 2007: 377). Added to this are the findings that 
plantar pressure distribution patterns vary between obese and non-obese individuals (Hills et al., 
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2001: 1674). Other authors however dispute this to some degree and argue that insufficient 
evidence exist to validate such claims (Cavanagh, Sims & Sanders, 1991 in Vela et al., 1998: 
416; Van Schie & Boulton, 2000: 90 - 95).  
In this study a 12.43 kg difference in terms of mass was observed between male and female 
participants, although it was not established what percentage of this difference is composed of 
lean mass or fat mass. Weight also formed an integral part in the calculation of BMI so as to 
ensure that participants fell within the acceptable weight ranges relative to their height. Upon 
further analysis it was established, using the Tukey’s HSD test (refer to Table D.2 in appendix 
D), that the differences in weight between race groups were of statistical significance, 
specifically between black and white participants as well as coloured and white participants. This 
is primarily attributable to the fact that white individuals were heavier by almost 5kg on average 
compared to their black and coloured counterparts. 
Body mass index (BMI) is often used to assess “normalcy” for body weight as it has been shown 
to have a moderate association with body fat and disease risk (McArdle et al., 2007: 774). BMI 
differences between male and female participants were also assessed using the Tukey’s HSD 
test, upon which it was established that statistically significant differences were observed 
between white males and white females as well as between white males and coloured females 
(refer to Table D.4 in appendix D). This is largely due to the fact that white males had 
substantially larger BMI values (24.91 kg/m
2
) compared to their white female (22.37 kg/m
2
) and 
coloured female (22.59 kg/m
2
) counterparts.  
Various authors have evaluated the effects of BMI on plantar pressure values and established that 
those classified as obese (BMI sores greater than 30.0 kg/m
2
) yielded higher plantar pressure 
values compared to their non-obese counterparts (Hills et al., 2001: 1674; Birtane & Tuna, 2004: 
1058; Irving, Cook, Young & Menz, 2007: 21). Unfortunately, BMI may discriminate more 
muscular individuals as it may misrepresent them as being overweight or obese even though the 
individual’s physique may simply be considered overly muscular. Nevertheless, the aim of this 
study was to obtain a representative sample of the population that was as normal as possible thus 
anyone yielding BMI scores greater than 30.0 kg/m
2
, thereby falling within the obese category, 
was excluded from this study. 
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Certain studies have shown that muscle activity is altered depending on the structure of the foot 
and therefore influence the plantar pressure values specifically under the midfoot region (Murley 
et al., 2009c: 175). Other studies have proven that exercise affects muscle activity and plantar 
loading immediately after physical exertion such as a marathon race (Arndt et al., 2002: 622; Wu 
et al., 2007: 384; Nagel et al., 2008: 154). However no studies have shown whether the level of 
physical activity affects or changes the structure of the foot in response to prolonged 
participation in a specific physical activity or exercise regime and the consequences this may or 
may not have on the plantar pressure values and distribution patterns.  
Physical activity is the umbrella term used to describe body movements produced by muscle 
actions that serve to increase energy expenditure (McArdle et al., 2007: 886). Physical activity 
therefore includes exercise, physical fitness, health, and health-related physical fitness. This term 
was used to assess how participants would classify their own general levels of daily physical 
activity so as to differentiate between largely inactive population groups and more active ones. 
This was considered to be of importance as all participants were from a university student 
population; therefore the degree of physical activity was hypothesized to vary quite significantly. 
Participants were also asked specifically if they actively participated in any sports, and if so to 
indicate the frequency, intensity and duration of their sport or exercise participation.  
For the purpose of this study, to be consigned into the low physical activity category, participants 
would have to be largely deskbound or participate in sports or exercise less than three days per 
week for less than or equal to 30 minutes per session at relatively relaxed intensity levels. 
Moderate levels of physical activity were classified as participants moving about regularly and 
performing more manual tasks or, to partake in exercise or sport three to five days per week for 
approximately 90 minutes per session at a moderate level of intensity. Finally, placement into the 
high physical activity category required participants to perform manual labour tasks or partake in 
a sport or exercise regime at least five days per week for a minimum of 90 minutes per session at 
a high intensity.   
This study therefore intends, in part, to shed some light on these matters by correlating pressure 
and impulse values with the gender groups, race groups, height, weight, BMI and level of 
physical activity, and thereby establish whether any statistical and practical significance levels 
may be found.   
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4.2.2 Gender 
The overall participant population was subdivided into male and female cohorts for analysis, 
with a total of 90 males and 90 females having participated in this study. Specific anthropometric 
data is provided in Tables 4.2 and 4.3 with regards to the age, height, weight, and BMI for both 
female and male participants respectively so as to gain a clearer understanding of any gender-
specific differences that were present.  
Table 4.2 
Descriptive statistics - Anthropometric – Gender: Female 
Variables n Mean S.D. Min Q1 Median Q3 Max 
Age (years) 90 21.69 2.12 18.00 20.00 21.00 23.00 29.00 
Height (cm) 90 163.68 7.07 147.60 158.85 164.30 168.35 180.00 
Weight (kg) 90 60.75 9.19 41.00 56.03 59.85 65.00 85.00 
BMI (kg/m
2
) 90 22.70 3.34 16.38 20.32 22.48 24.44 29.97 
 
Table 4.3 
Descriptive statistics - Anthropometric – Gender: Male 
Variables n Mean S.D. Min Q1 Median Q3 Max 
Age (years) 90 22.40 2.55 18.00 20.00 22.00 24.00 29.00 
Height (cm) 90 175.69 6.08 162.00 171.33 175.50 179.90 192.80 
Weight (kg) 90 73.18 11.30 53.40 65.55 72.85 81.10 105.00 
BMI (kg/m
2
) 90 23.63 2.89 18.33 21.42 23.68 25.74 29.93 
 
The literature indicates that several morphological differences exist between gender groups, with 
differences in height, weight, BMI and foot length being most apparent (Cho et al., 2004: 148; 
Fessler et al., 2005: 46). These factors are corroborated in Tables 4.2 and 4.3 above, with the 
exception of foot length as this was not a variable measured in the present study.  
It is evident from the literature that one would expect male participants to be heavier and taller 
than their female counterparts (McArdle et al., 2007: 437 - 438). It is clearly observable from the 
tables above that this was found to be true as the male group as a whole was 12.01cm taller and 
12.43kg heavier than the overall female group. Research into the effects of weight on dynamic 
plantar pressure values may at first seem somewhat divisive as some authors report increased 
plantar pressure values with increased weight (Vela et al., 1998: 419; Hills et al., 2001: 1678; 
Mark Kramer • 2011 • 64 
Nelson Mandela Metropolitan University • Department of Human Movement Science  
 
Birtane & Tuna, 2004: 1058), whereas others determined that no significant differences could be 
found (Cavanagh et al., 1991 in Vela et al., 1998: 416; Putti et al., 2009: 197). However, when 
this data accounts for gender differences the effects of weight are cancelled thereby indicating 
that weight does not have a significant impact. 
The literature also indicates that differences exist in terms of gait speed, with males exhibiting 
greater stride velocity primarily due to an increased stride length rather than increased stride 
frequency (Cho et al., 2004: 146). Gait velocity was not tested in this study and was instead a 
controlled variable as foot pressures were found to be linked to gait speed. In other words, the 
more inconsistent the gait speed, the more variable the plantar pressure values (Prince et al., 
1997: 130; Burnfield et al., 2004: 81; Chiu & Wang, 2007: 388; Pataki et al., 2008: 1991). 
Hence, by controlling for gait speed one can factor out gait velocity as a contributing factor to 
variation in plantar pressure between individuals. 
Pressure and impulse values will be discussed with regards to the ten predetermined areas of the 
foot (Toe 1, toe 2-5, meta 1, meta 2, meta 3, meta 4, meta 5, midfoot, heel medial, and heel 
lateral) as well as the four general regions of the foot (forefoot, midfoot, heel, foot). The former 
categorisation allows for a more exact analysis regarding the specific anatomical structure, or 
structures, subjected to either the highest or lowest pressure or impulse values. The latter 
categorisation, on the other hand, allows for a more regionalised analysis of the data while also 
providing summarised pressure and impulse data for the total foot. The forefoot region consists 
of the of the following anatomical landmarks and thus its corresponding sensor; toe 1, toe 2-5, 
meta 1, meta 2, meta 3, meta 4 and meta 5. The midfoot region consists of only the midfoot 
sensor. The heel region consists of both the medial and lateral heel sensors. Finally, the foot 
region is a summary of all ten sensors thereby allowing for left foot versus right foot 
comparisons.  
 4.2.2.1 Gender-specific Pressure Comparisons 
This section focuses specifically on the pressure values generated by the male and female 
subgroups. Pressure values provide valuable insight regarding the load each area or region of the 
foot has to accommodate. It is important to remember that pressure values form part of a 
Plantar Pressure and Impulse Values of Students of a South African University • Chapter 4: Results and Discussion • 65 
 
Nelson Mandela Metropolitan University • Department of Human Movement Science  
continuum ranging from extremely low to extremely high values, with higher values being 
unfavourable due to a greater risk of potential injury (Waterman et al., 2010: 2280). 
Tables 4.4 and 4.5 below indicate the pressure values yielded for each of the ten anatomical areas 
of the foot for females and males respectively, with the highest pressure values highlighted.  
Table 4.4 
Descriptive Statistics - Female: Foot Pressures for each of the ten anatomical 
landmarks (N/cm
2
) 
Female
Left Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 90 90 90 90 90 90 90 90 90 90
Mean 16.91 3.13 13.84 24.40 29.67 18.90 10.85 3.76 22.65 22.08
SD 12.62 2.70 9.08 10.54 13.91 10.43 10.29 2.21 7.83 8.89
Right Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 90 90 90 90 90 90 90 90 90 90
Mean 17.52 4.13 15.58 26.32 25.10 16.11 8.43 3.69 24.88 18.56
SD 11.69 4.55 8.52 11.53 12.04 10.44 7.83 3.57 10.47 6.52  
Table 4.5 
Descriptive Statistics - Male: Foot Pressures for each of the ten anatomical 
landmarks (N/cm
2
) 
Male
Left Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 90 90 90 90 90 90 90 90 90 90
Mean 11.81 2.42 11.21 19.05 22.96 15.34 6.85 3.98 21.29 16.59
SD 9.73 2.25 7.77 7.56 7.54 6.10 4.37 3.98 11.52 8.06
Right Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 90 90 90 90 90 90 90 90 90 90
Mean 11.92 2.66 13.05 19.88 20.33 12.75 5.68 3.41 20.87 16.06
SD 7.98 1.79 11.69 9.23 8.12 5.42 2.98 4.37 12.51 7.47  
It is observable from the tables above that females yielded the highest pressure values under the 
second and third metatarsal heads. Males on the other hand yielded the highest pressure values 
under the third metatarsal head as well as the medial aspect of the heel. The location of peak 
pressures under the second and third metatarsal heads correlate closely with those identified by 
Hills et al. (2001: 1678) and Teyhen et al. (2009: 391), although the latter study yielded 
somewhat higher values. Conversely, minimum pressure values were observed under the lateral 
toes (toe 2-5) as well as midfoot, this being true for both male and female participants. This also 
correlated with the findings stated by Hills et al. (2001: 1678) and Teyhen et al. (2009: 391). 
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Scott et al. (2007: 72) determined that mean peak plantar pressures of those aged 20.9 (S.D. ± 
2.6) years were observed at the second matatarsophalangeal joint and heel with the values being 
23.7 N/cm
2
 and 23.4 N/cm
2
 respectively. The midfoot and lesser toes carried the least amount of 
pressure with values being 7.1 N/cm
2 
and 7.3 N/cm
2
 respectively (Scott et al., 2007: 72). This 
correlated closely with the values observed in this study with the left and right feet 
demonstrating mean peak pressures at the third and second metatarsal heads respectively. These 
areas yielded values of 26.8 N/cm
2 
and 23.5 N/cm
2 
respectively and are therefore only minimally 
higher than those of Scott et al. (2007: 72).  
Minimum mean pressure and impulse values were also observed at the lesser toes (phalanges 2 
to 5) and midfoot regions, although the pressures observed here were somewhat lower than those 
established by Scott et al. (2007: 72). This may be explained by the fact that Scott et a.l (2007: 
72) did not differentiate between gender and race but merely focused on age related differences 
and that different testing equipment was utilized. 
Tables 4.6 and 4.7 below provide the mean pressure values, and standard deviations thereof, 
pertaining to the four regions of the left and right feet respectively for both males and females, as 
well as all for the overall group. 
Table 4.6 
Descriptive Statistics - Gender: Foot Pressures from the Left Foot (N/cm
2
) 
 
Table 4.7 
Descriptive Statistics - Gender: Foot Pressures from the Right Foot (N/cm
2
) 
 
    ForeFoot MidFoot Heel Foot 
Gender n Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
 All 180 14.81 6.53 3.87 3.21 20.65 8.76 13.11 5.22 
Female 90 16.81 7.58 3.76 2.21 22.36 7.83 14.31 4.98 
Male 90 12.80 4.50 3.98 3.98 18.94 9.34 11.91 5.20 
    ForeFoot Midfoot Heel Foot 
Gender n 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
 All 180 14.25 6.39 3.55 3.98 20.09 8.93 12.63 5.45 
Female 90 16.17 7.08 3.69 3.57 21.72 7.79 13.86 5.26 
Male 90 12.32 4.96 3.41 4.37 18.46 9.71 11.40 5.38 
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From the Tables 4.6 and 4.7 it is evident that the heel regions of the feet demonstrated the largest 
pressure values overall, this being true for both male and female participants. With regards to the 
minimum pressure values, these were again observed under the midfoot region of the foot. In 
accordance with the literature it is evident that one can expect peak pressure values to be 
observed at the heel, second and third metatarsal heads, and the hallux (toe 1) itself as the centre 
of pressure passes over these key points in accordance with the unique pronating and supinating 
characteristics of the foot during gait (Vela et al., 1998: 418; Hills et al., 2001: 1678; Putti et al., 
2009: 197; Prentice 2009: 575).  
4.2.2.2 Gender-specific Impulse Comparisons 
Impulse refers to the pressure time integral over a given area, and therefore is a combination of 
the amplitude and duration of pressure loading (Orlin & McPoil, 2001: 401; De Cock et al., 
2006: 343). It is measured as Ns/cm
2
 (where N = Newtons; s = seconds; cm
2
 = area over which 
the force acts), and therefore closely relates to the pressure values denoted in the 
abovementioned text. In contrast to the mean peak pressure values however, the location of the 
mean peak impulse values may vary as the loading rate affects impulse which is largely linked to 
the locking and unlocking of the bones of the foot as the centre of pressure moves over the 
various anatomical structures of the foot (Donatelli, 1985: 92; Prentice, 2009: 574). 
Tables 4.8 and 4.9 represent the impulse values of the left and right feet generated by female and 
male participants respectively. The largest impulse values are highlighted. 
Table 4.8 
Descriptive Statistics - Female: Foot Impulse for each of the ten anatomical 
landmarks (Ns/cm
2
) 
 
 
Females
Left Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 MidFoot Heel Medial Heel Lateral
n 90 90 90 90 90 90 90 90 90 90
Mean 2.64 0.38 2.71 4.88 6.24 4.10 2.35 0.85 4.73 4.67
SD 2.27 0.35 2.16 2.22 3.28 2.11 2.08 0.59 1.89 2.22
Right Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 90 90 90 90 90 90 90 90 90 90
Mean 2.79 0.52 3.07 5.37 5.37 3.56 1.77 0.87 5.46 3.80
SD 2.13 0.60 1.89 2.55 2.47 2.01 1.49 0.98 2.59 1.46
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Table 4.9 
Descriptive Statistics - Male: Foot Impulse for each of the ten anatomical landmarks     
(Ns/cm
2
) 
Males
Left Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 MidFoot Heel Medial Heel Lateral
n 90 90 90 90 90 90 90 90 90 90
Mean 2.00 0.36 3.27 5.06 5.86 4.13 1.89 1.10 4.99 3.93
SD 1.95 0.42 7.18 7.48 5.38 3.93 1.99 2.11 4.85 3.59
Right Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 90 90 90 90 90 90 90 90 90 90
Mean 2.06 0.41 3.07 4.56 5.03 3.43 1.46 0.83 4.45 4.21
SD 1.88 0.46 3.03 2.47 2.76 1.59 0.94 0.99 3.10 8.89  
Due to the close relationship that exists between pressure and impulse it is evident from the 
tables above that the largest, and therefore smallest, impulse values are experienced over the 
same anatomical areas as the pressure values mentioned previously. This may be due to one of 
two reasons. Firstly, it indicates that larger amounts of pressure are exerted over the load-bearing 
anatomical areas of the foot for a given period of time. Secondly, a given amount of pressure is 
exerted over a specific area for a longer period of time. Minimal impulse values were yielded 
over the lateral toes and midfoot areas, thereby indicating that the center of pressure was either 
large, or that it rapidly accelerated over that structure.  
From the biomechanical analysis it is clear that the lesser toes experienced lesser pressures, and 
hence yielded low impulse values. The midfoot, on the other hand, experiences a rapid 
acceleration of the center of pressure due to the structural design of the MLA, as was indicated 
by the beam and truss model earlier (Nordin & Frankel, 2001: 250). 
Tables 4.10 and 4.11 below provide greater insight into the impulse values experienced over the 
different regions of the foot, including the forefoot, midfoot, heel and foot regions. 
Table 4.10 
Descriptive Statistics - Gender: Foot Impulse under the Left Foot (Ns/cm
2
) 
    ForeFoot MidFoot Heel Foot 
Gender n Mean  S.D.  Mean  S.D.  Mean  S.D.  Mean 
(Ns/cm
2
) 
S.D.  
 All 180 3.28 2.86 0.97 1.55 4.58 3.24 2.94 2.41 
Female 90 3.33 1.61 0.85 0.59 4.70 1.95 2.96 1.13 
Male 90 3.22 3.73 1.10 2.11 4.46 4.16 2.93 3.22 
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                   Table 4.11 
             Descriptive Statistics - Gender: Foot Impulse under the Right Foot (Ns/cm
2
) 
    ForeFoot Midfoot Heel Foot 
Gender n Mean 
(Ns/cm
2
) 
S.D. 
(Ns/cm
2
) 
Mean 
(Ns/cm
2
) 
S.D. 
(Ns/cm
2
) 
Mean 
(Ns/cm
2
) 
S.D. 
(Ns/cm
2
) 
Mean 
(Ns/cm
2
) 
S.D. 
(Ns/cm
2
)  All 180 3.03 1.42 0.85 0.98 4.48 3.90 2.79 1.74 
Female 90 3.21 1.41 0.87 0.98 4.63 1.84 2.90 1.18 
Male 90 2.86 1.42 0.83 0.99 4.33 5.21 2.67 2.16 
 
The largest impulse values were experienced under the heel and forefoot regions of the foot 
whereas minimal impulse values were exhibited at the midfoot region. This relates to the fact 
that pressure is redirected to the forefoot and heel areas as a result of the MLA, thereby 
minimising the time that pressure is exerted under the midfoot area.  
Although Teyhen et al. (2009: 394) had similar forefoot impulse values, the values obtained for 
the heel were found to be somewhat lower in comparison to this study. This may be ascribed to 
the different anthropometric and biographic differences between the subject groups as Teyhen et 
al. (2009: 394) did not differentiate between gender and race. 
4.2.3 Race 
Literature examining racial differences pertaining to plantar pressure and impulse values are 
marginal, and most focus on neurological, metabolic or musculoskeletal abnormalities and their 
possible association with the pressure and impulse values (Gasperino et al., 1995: 30; Burns et 
al., 2005: 877 - 878; Solano et al., 2007: 506). This dearth of information led to the initiation of 
this study in an attempt to generate normative data for the various race groups in a South African 
context. 
Irrespective of gender, the total population group was subdivided according to race, namely 
African black, white and coloured participants. This resulted in a total of 60 participants per race 
group. The anthropometric characteristics for each race group are presented in Tables 4.12 to 
4.14 below. 
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Table 4.12 
Descriptive statistics - Anthropometric – Race: Black 
Variables n Mean S.D. Min Q1 Median Q3 Max 
Age (years) 60 21.38 2.03 18.0
0 
20.0
0 
21.00 23.0
0 
26.00 
Height (cm) 60 168.37 8.04 148.
20 
163.
78 
170.45 173.
55 
184.70 
Weight (kg) 60 65.32 11.00 45.
0 
58.2
0 
63.30 69.9
5 
96.85 
BMI (kg/m
2
) 60 23.00 3.16 17.6
4 
20.5
0 
22.43 25.
5 
29.93 
 
 
Table 4.13 
Descriptive statistics - Anthropometric – Race: White 
Variables n Mean S.D. Min Q1 Median Q3 Max 
Age (years) 60 22.15 2.24 18.00 20.75 22.00 24.00 29.00 
Height (cm) 60 172.15 8.94 153.90 165.55 172.30 179.38 192.80 
Weight (kg) 60 70.45 13.01 44.90 57.75 69.25 81.23 105.00 
BMI (kg/m
2
) 60 23.64 3.12 17.67 20.78 23.43 25.89 29.97 
 
 
Table 4.14 
Descriptive statistics - Anthropometric – Race: Coloured 
Variables n Mean S.D. Min Q1 Median Q3 Max 
Age (years) 60 23.10 3.92 19.00 20.00 22.00 25.00 38.00 
Height (cm) 60 168.56 9.35 147.60 162.85 168.40 175.95 184.80 
Weight (kg) 60 65.13 11.35 41.00 56.95 64.60 74.78 89.10 
BMI 
(kg/m
2
) 
60 22.85 3.16 16.38 20.53 22.84 24.72 29.92 
 
Observable from the above tables is the fact that white participants were both taller and heavier 
than their black and coloured counterparts. The Tukey’s HSD test was used to establish whether 
these differences were of any statistical significance (see Table D.1 in appendix D). Differences 
in height between black and white individuals as well as between coloured and white individuals 
were found to be statistically significant given that white participants were substantially taller 
than their black and coloured counterparts (p < .05). The same was true pertaining to differences 
observed in weight. Tukey’s HSD testing indicated the presence of statistically significant 
differences (p < .05) between black and white participants as well as between coloured and white 
participants due to the fact that white individuals were noticeably heavier than the latter two 
groups (see Table D.2 in appendix D). The effects of height, weight and BMI on plantar pressure 
and impulse values were examined. No practical significances were observed (p > .05; d < 0.2) 
for any of the regions of the foot, thereby indicating that these values were not responsible for 
the race-specific differences yielded regarding pressure and impulse values. 
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 4.2.3.1 Inter-race Pressure Comparisons 
Examining the pressure values of the various racial groups gives greater insight into the dynamic 
characteristics of the foot by observing the degree to which the ten structures of interest are 
loaded (Prentice, 2009: 574). 
Tables 4.15 to 4.17 below indicate the pressure values yielded for each of the race groups 
regarding the ten sensor areas of interest on the plantar surface of the left and right feet 
respectively. Once again the peak pressure values are highlighted.  
 
Table 4.15 
Descriptive Statistics – Race (African black): Foot Pressure for each of the ten 
anatomical landmarks (N/cm
2
) 
Black
Left Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 15.73 3.20 12.86 24.00 30.20 21.44 12.25 3.89 19.82 20.41
SD 12.81 2.94 9.76 11.71 12.27 8.78 8.93 2.15 7.41 10.17
Right Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 16.63 3.99 14.45 26.05 27.36 18.66 9.96 4.30 22.91 16.93
SD 11.93 4.52 9.17 13.28 12.73 10.03 7.93 3.29 10.09 6.79  
Table 4.16 
Descriptive Statistics – Race (white): Foot Pressure for each of the ten anatomical 
landmarks (N/cm
2
) 
White
Left Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 10.42 2.28 12.23 20.31 24.60 14.14 5.68 3.26 22.35 18.23
SD 4.91 1.93 6.90 6.73 7.99 5.01 2.94 1.89 5.39 5.84
Right Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 12.25 2.84 14.28 20.98 19.63 10.34 4.71 1.98 20.58 17.53
SD 6.04 1.77 8.94 7.25 6.42 3.74 2.68 1.14 4.98 4.83  
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Table 4.17 
Descriptive Statistics – Race (coloured): Foot Pressure for each of the ten 
anatomical landmarks (N/cm
2
) 
Coloured
Left Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 16.93 2.85 12.49 20.86 24.14 15.77 8.63 4.47 23.74 19.35
SD 13.79 2.50 8.82 9.23 13.21 9.90 9.50 4.73 14.21 10.02
Right Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 15.28 3.36 14.21 22.27 21.15 14.30 6.49 4.37 25.14 17.45
SD 11.71 3.67 12.51 10.84 9.89 8.23 5.20 5.67 16.63 9.14  
By analysing all ten individual sensor placements listed above it is discernible that the mean 
peak pressure values recorded for the left and right feet were primarily yielded under the second 
and third metatarsal heads; the largest and second largest peak pressure values being highlighted 
for each race group in the tables above. It is therefore evident that, of all race groups, the highest 
mean peak pressure values were yielded by black participants who obtained values of 
30.20N/cm
2
 under the third metatarsal head. Upon further analysis of the pressure values 
between the race groups, using the MANOVA test, it was established that statistically significant 
differences were present (p < .05) By comparing the values obtained for each race group using 
the Tukey’s HSD test, it was established that differences observed were statistically significant 
under the great toe, metatarsal heads 2, metatarsal heads 3, metatarsal heads 4 and metatarsal 
heads 5 were of statistical significance (see Tables D.14 to D.24 in appendix D). 
Although these pressure values correlate closely with those obtained by Putti et al. (2009: 197), 
specifically for the metatarsal regions, they are not identical. In their study, Putti et al. (2009: 
197) found significant plantar pressure differences between Caucasian and Indian males 
pertaining to values under the heel, as well as the first, second, third and fifth metatarsal heads. It 
is important to remember that Putti et al. (2009: 197) compared plantar pressure and impulse 
values between Caucasian and Indian males only, whereas this study incorporated both males 
and females between three different race groups, hence the slight difference in pressure values 
obtained. There is also an age disparity as the mean age of participants in the Putti et al. (2009: 
197) study was 36 years, whereas in this study it was 22.03 years.  
Tables 4.18 and 4.19 represent the pressure values obtained under the four primary regions of the 
left and right feet respectively for each of the three race groups. 
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Table 4.18 
Descriptive Statistics - Race: Foot pressure values under the Left Foot (N/cm
2
) 
    ForeFoot MidFoot Heel Foot 
Race n Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Black 60 17.10 7.11 3.89 2.15 20.11 8.42 13.70 5.27 
White 60 12.81 3.24 3.26 1.89 20.29 5.14 12.12 2.92 
Coloured 60 14.52 7.68 4.47 4.73 21.55 11.59 13.51 6.69 
 
Table 4.19 
Descriptive Statistics - Race: Foot pressure values under the Right Foot (N/cm
2
) 
    ForeFoot MidFoot Heel Foot 
Race n Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Black 60 16.73 7.55 4.30 3.29 19.92 8.22 13.65 5.70 
White 60 12.15 3.31 1.98 1.14 19.06 4.70 11.06 2.58 
Coloured 60 13.87 6.72 4.37 5.67 21.30 12.22 13.18 6.86 
 
Of interest from Tables 4.18 and 4.19 above is that fact that black individuals yielded the highest 
pressure values in the forefoot regions as well as the highest pressures under the foot as a whole. 
Coloured individuals on the other hand tended to yield the highest pressure values under the 
midfoot and heel regions, and were thus ranked second highest in terms of overall foot pressures. 
The white population group generated the lowest values overall. These differences were found to 
be of statistical and practical significance and are discussed in the text to follow. 
With regards to race-specific discrepancies, Gurney et al. (2009: 556) found pressure differences 
between Caucasian, Maori and Pacific Island male rugby players, with significant differences 
being observed at the forefoot, midfoot and heel regions. The values obtained were however 
somewhat higher than those expressed in this study, with the differentiations being attributable 
not only to the differences in testing methodology but also in participant selection as elite rugby 
players have a considerably different somatotype compared to that of the general population. 
More specific gender-race differences pertaining to this study will be discussed in later sections. 
The regions of the foot were then analysed for both statistical and practical significance by using 
a combination of ANCOVA, the post-hoc Scheffè test to assess statistical significance as well as 
Cohen’s d for practical significance. Only those results that were found to be statistically and 
practically significant will be discussed in the text to follow. 
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Table 4.20 
Inferential Statistics – Race: Univariate ANOVA results from the left Forefoot (Pressure) 
(N/cm
2
) 
Race n Mean  S.D.  
ANOVA Statistics                                     Scheffè test p                   
Cohen’s d 
d.f. F p Black White Coloured 
Black 60 17.10 7.11 
2; 
159 
7.55 .001 
 .000 .026 
White 60 12.81 3.24 0.78  .194 
Coloured 60 14.52 7.68 0.35 N/A  
 
Univariate ANOVA results, as presented in Table 4.20 above, indicate the presence of a 
statistically significant relationship regarding plantar pressure values of the left forefoot and the 
different race groups of this study (p < .05). The post-hoc Scheffè test revealed statistically 
significant values between the black and white groups as well as between black and coloured 
groups (p < .05).  
Practical significance, on the other hand, was indicated by Cohen’s d. Small levels of practical 
significance were established between black and coloured participants (0.2 < d < 0.5), whereas a 
moderate practically significant difference was established between the black and white 
participants (0.5 < d < 0.8). These values demonstrate that white participants exhibited the lowest 
pressure values over the left forefoot whereas black individuals yielded the highest.  
These results may give an indication regarding both foot structure and function relating to the 
degree of over-pronation or under-pronation as this determines the force distribution over the 
various areas of the foot (Donatelli, 1985: 92; Prentice, 2009: 575). In the case of pronation the 
midtarsal bones tend to unlock the subtalar joint which in turn causes the cuboid and navicular 
bones to become more parallel thereby allowing the forefoot and midfoot to unlock (Donatelli, 
1985: 93). Although this is necessary for effectively absorbing the ground reaction forces during 
gait it becomes problematic in the case of over-pronation. In this situation the forefoot does not 
resupinate in time for toe-off thereby exerting markedly higher pressure values over the midfoot 
and forefoot regions of the foot.  
Plantar pressure values for the forefoot region varied substantially in numerous other studies 
(Hayafune et al., 1999: 89; Burns et al., 2005: 878; De Cock et al., 2006: 340; Putti et al., 2009: 
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197; Gurney et al., 2009: 556). It is however, important to remember that the testing equipment, 
recording and analysis of plantar pressure and impulse values deviated considerably from those 
of this study. Reference values are therefore difficult to obtain due to the extent of variation in 
the literature. What is however noteworthy is that higher plantar pressure values observed at the 
forefoot region relative to the midfoot are aligned with what was found in other research (Burns  
et al., 2005: 878; Gurney et al., 2009: 556; Putti et al., 2009: 197). 
Table 4.21 
Inferential Statistics – Race: Univariate ANOVA results from the right Forefoot (Pressure) 
(N/cm
2
) 
Race n Mean  S.D.  
ANOVA Statistics                            Scheffè test p         
Cohen’s d 
d.f. F p Black White Coloured 
Black 60 16.73 7.55 
2; 
159 
7.78 .001 
 .000 .006 
White 60 12.15 3.31 0.79  .152 
Coloured 60 13.87 6.72 0.40 N/A  
 
Table 4.21 reflects the right forefoot area which was also deemed statistically significant, with 
Scheffè post-hoc testing indicating that this significance stems from the differences observed 
between the white and black as well as black and coloured race groups. Cohen’s d testing 
indicated that a small practical significance existed between the black and coloured groups (0.2 < 
d < 0.5). Additionally, a moderate practical significance was found between the black and white 
groups pertaining to the forefoot area of the right foot (0.5 < d < 0.8). As was true for the left 
forefoot, the black race group yielded the largest pressure values over the right forefoot region, 
whereas the white race group yielded the lowest.  
 
Table 4.22 
Inferential Statistics – Race: Univariate ANOVA results from the right Midfoot (Pressure) 
(N/cm
2
) 
Race n Mean  S.D.  
ANOVA Statistics                                   Scheffè test p         
Cohen’s d 
d.f. F p Black White Coloured 
Black 60 4.30 3.29 
2; 
159 
8.93 .000 
 .003 .995 
White 60 1.98 1.14 0.94  .002 
Coloured 60 4.37 5.67 N/A 0.58  
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Mean plantar pressure values of the right midfoot were also found to be statistically significant 
as indicated by the univariate ANOVA results in Table 4.22 above (p < .05). By incorporating 
the Scheffè test it was established that pressure differences between black and white race groups 
as well as coloured and white race groups were of statistical significance (p < .05). Upon further 
analysis it was determined that moderate levels of practical significance (0.5 < d < 0.8) existed 
between white and coloured population groups, with white individuals yielding lower plantar 
pressure values in this particular area of the foot. Additionally, high practical significance levels 
(d > 0.8) were found between black and white participants with black individuals generating 
substantially higher pressure values in the midfoot. The values obtained from the coloured and 
black race groups are indicative of considerable amounts of pronation in the midfoot compared 
to the white population group, hence the higher pressure values in this area. 
These values are of particular interest as midfoot contact is indicative of the amount of pronation 
or supination occurring at the medial longitudinal arch. Both black and coloured individuals 
yielded substantially higher pressure values compared to the white group, possibly indicating 
greater amounts of pronation at the midfoot. Conversely, since the white group demonstrated the 
lowest pressures over this region of the foot it may indicate a tendency to either under-pronate or 
exhibit a higher arch proportional to the other groups (Orlin & McPoil, 2000: 400; Prentice, 
2009: 585).  
Burns et al. (2005: 880) established values for the midfoot area to be 9.1 (± 3.9) N/cm
2
, whereas 
Putti et al. (2009: 198) yielded values of 12.78 N/cm
2
. Both values are dissimilar to each other as 
well as being substantially higher than those obtained for this study. This may again be 
attributable to differences in participant characteristics as well as testing methodology. What 
remains key however is that substantially lower pressure values were observed in the midfoot 
region compared to those of the forefoot or rearfoot regions. 
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Table 4.23 
Inferential Statistics – Race: Univariate ANOVA results from the right Foot (Pressure) 
(N/cm
2
) 
Race n Mean  S.D.  
ANOVA Statistics                                 Scheffè test p         
Cohen’s d 
d.f. F p Black White Coloured 
Black 60 13.65 5.70 
2; 
159 
3.47 .033 
 .009 .850 
White 60 11.06 2.58 0.59  .043 
Coloured 60 13.18 6.86 N/A 0.41  
 
Table 4.23 above presents the foot category which incorporates the forefoot, midfoot and heel 
areas so as to give an overall impression of pressures exerted under the foot as a whole. 
According to univariate ANOVA results a statistically significant relationship was present 
regarding the pressures exerted on the plantar aspect of the foot concerning the three different 
race groups (p < .05). Statistically significant differences between black and white individuals as 
well as white and coloured individuals were found to be true as revealed by post-hoc analysis 
utilizing Scheffè tests (p < .05). Small practical significance was evident between white and 
coloured participants (0.2 < d < 0.5), whereas a more moderate level of practical significance 
was present between white and black participants (0.5 < d < 0.8). This indicates that white 
persons yielded substantially lower pressure values over the whole foot compared to their 
coloured and black counterparts, whereas black participants ranked the highest pressure scores 
over the foot as a whole.  
 4.2.3.2 Inter-race Impulse Comparisons 
Impulse values for each of the ten anatomical landmarks of interest are again provided so as to 
allow comparisons of the areas of peak impulse between the race groups. These values are 
important in the respect that they give a clear indication as to the duration of pressure exertion 
over a given area thereby providing greater detail concerning the locking and unlocking of the 
joints of the foot throughout the various phases of gait (Donatelli, 1985: 93; Orlin & McPoil, 
2000: 407; De Cock et al., 2006: 339).   These values are represented in Tables 4.24 to 4.26 
below. 
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Table 4.24 
Descriptive Statistics – Race (African black): Foot Impulse values for each of the ten 
anatomical landmarks (Ns/cm
2
) 
Black
Left Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 2.24 0.37 2.55 4.73 6.13 4.61 2.66 0.95 4.06 4.27
SD 2.05 0.37 2.12 2.37 2.48 1.86 1.80 0.61 1.82 2.41
Right Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 2.47 0.49 2.96 5.24 5.69 4.11 2.12 1.06 4.97 3.46
SD 1.93 0.58 1.98 2.74 2.46 1.90 1.49 0.91 2.60 1.59  
Table 4.25 
Descriptive Statistics – Race (white): Foot Impulse values for each of the ten 
anatomical landmarks (Ns/cm
2
) 
White
Left Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 1.69 0.29 2.50 4.26 5.39 3.40 1.37 0.71 4.57 3.66
SD 0.92 0.27 1.75 1.63 1.99 1.42 0.78 0.47 1.35 1.37
Right Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 2.00 0.37 2.99 4.49 4.59 2.69 1.12 0.42 4.21 3.49
SD 1.21 0.28 2.63 1.78 1.73 1.09 0.69 0.29 1.23 1.10  
Table 4.26 
Descriptive Statistics – Race (coloured): Foot Impulse values for each of the ten 
anatomical landmarks (Ns/cm
2
) 
Coloured
Left Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 3.03 0.44 3.93 5.93 6.63 4.34 2.32 1.25 5.95 4.96
SD 2.81 0.48 8.72 9.06 7.01 4.88 2.80 2.56 5.82 4.33
Right Foot Toe 1 Toe 2-5 Meta 1 Meta 2 Meta 3 Meta 4 Meta 5 Midfoot Heel Medial Heel Lateral
n 60 60 60 60 60 60 60 60 60 60
Mean 2.81 0.53 3.26 5.16 5.32 3.68 1.60 1.08 5.68 5.06
SD 2.65 0.67 2.88 2.92 3.32 2.00 1.23 1.31 4.00 10.82  
It is discernible from the above tables that the mean peak impulse values were recorded over the 
third metatarsal head of both the left and right feet respectively for all race groups with the 
exception of the coloured population group which experienced mean peak impulses over the 
medial aspect of the heel of the left and right feet. De Cock et al. (2006: 339) and Putti et al. 
(2009: 197) observed comparable mean peak impulse values of 7.20 Ns/cm
2
 and 4.87 Ns/cm
2 
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over the second and third metatarsal heads respectively. These values are in line with those 
established in this study.  
The aforementioned ten sensor points were again grouped into four correlated groups in the form 
of the forefoot, midfoot, heel and foot regions exemplified in the tables below. 
Table 4.27 
Descriptive Statistics – Race: Impulse values under the Left foot (Ns/cm2) 
Race n ForeFoot MidFoot Heel Foot 
All 180 Mean  S.D.  Mean S.D. Mean S.D. Mean S.D. 
Black 60 3.33 1.34 0.95 0.61 4.17 2.04 2.82 1.11 
White 60 2.70 0.84 0.71 0.47 4.11 1.25 2.51 0.71 
Coloured 60 3.80 4.66 1.25 2.56 5.46 5.00 3.50 3.92 
 
Table 4.28 
Descriptive Statistics – Race: Impulse values under the Right foot (Ns/cm2) 
Race n ForeFoot MidFoot Heel Foot 
All 180 Mean 
(Ns/cm
2
) 
S.D. 
(Ns/cm
2
) 
Mean S.D. Mean S.D. Mean S.D. 
Black 60 3.30 1.39 1.06 0.91 4.21 2.04 2.86 1.25 
White 60 2.61 0.92 0.42 0.29 3.85 1.12 2.29 0.63 
Coloured 60 3.19 1.75 1.08 1.31 5.37 6.28 3.22 2.60 
 
It is perceptible from Tables 4.27 and 4.28 above that the lengthiest loading rates were those of 
the coloured population group irrespective of the region of the foot (forefoot, midfoot or heel), 
with the only exception being that of the right forefoot. In this case the longest loading rate was 
that of the black population group. Impulse differences in the forefoot and midfoot regions were 
found to be of statistical and practical significance and are discussed in greater detail in the text 
to follow (see Tables 4.29 and 4.30). 
A greater rate of loading is usually associated with a pronated foot posture as it indicates a 
greater amount of unlocking of the midtarsal bones, and therefore slower rates of resupination 
resulting in greater amounts of pressure being exerted over specific areas of the foot (Donatelli, 
1985: 93; Prentice, 2009: 576). Due to the biomechanics of gait and various muscle activation 
patterns, the centre of mass of the individual should move over the medial metatarsals and over 
the first ray (first cuneiform and first metatarsal) during toe off as these structures are designed to 
bear the greatest loads (Donatelli,1985: 93; Glasoe et al., 1999: 854; Prentice, 2009: 590). In a 
more pronated foot structure the medial longitudinal arch becomes more mobile, resulting in 
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longer loading times and thus higher impulse values (Prentice, 2009: 575). Under these 
circumstances the cuboid bone, which acts as a pulley for the peroneus longus on the lateral 
aspect of the foot, cannot fulfil its function of stabilizing the first ray resulting in increased 
pressures over the other metatarsals (Glasoe,  et al., 1999: 855; Prentice, 2009: 593). 
From Tables 4.27 and 4.28 it is observable that the lowest impulse values were recorded for the 
white population group, therefore indicating a smaller degree of pronation as denoted by the 
lesser amount of midfoot contact. Upon analysis of the left foot it was found that the white group 
exhibited 33% and 76% lower impulse values compared to the black and coloured groups 
respectively. Pertaining to the right foot the black and coloured groups revealed impulse values 
in excess of 150% compared to the white group which therefore indicates substantially lower 
impulse values. This may largely be related to foot structure with specific reference to the 
subtalar and midtarsal joints and their respective effects on the medial longitudinal arch as the 
movement of the subtalar joint is consistently linked to pronation and/or supination of the foot 
(Donatelli, 1985: 93; Orlin & McPoil, 2000: 400; Prentice 2009: 575). A supinated foot structure 
is more rigid and therefore does not unlock the midtarsal joints in the normal manner. The 
loading rate is therefore offset; the degree of which is dependent on the amount of supination 
present (Donatelli, 1985: 93; Prentice, 2009: 575).  
Each of the four regions of the foot were then analysed for both statistical and practical 
significance. The results thereof are to be found in the tables to follow. 
Table 4.29 
Inferential Statistics – Race: Univariate ANOVA results from the Right Forefoot (Impulse) 
(Ns/cm2) 
Race n Mean  S.D.  
ANOVA Statistics                             Scheffè test p         
Cohen’s d 
d.f. F p Black White Coloured 
Black 60 3.30 1.39 
2; 
159 
7.15 .001 
 .006 .890 
White 60 2.61 0.92 0.58  .023 
Coloured 60 3.19 1.75 N/A 0.42  
 
Table 4.29 reflects the univariate ANOVA results indicating the presence of a statistically 
significant difference between race and impulse values of the right forefoot (p < .05). Upon 
further analysis using the Scheffè post-hoc test it was evident that the statistical significance 
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emanated from impulse differences that existed between the black and white as well as coloured 
and white race groups (p < .05). This was corroborated in terms of practical significance as 
Cohen’s d testing revealed a small practical significance between the coloured and white groups 
(0.2 < d < 0.5) and a more moderate practical significance between the black and white groups 
(0.5 < d < 0.8). In this instance the coloured and black race groups yielded similar impulse 
values, with the black group obtaining the highest values. Conversely the white race group 
generated the lowest impulse values.  The latter indicates that pressures in the right forefoot were 
exerted over a longer period of time in both the coloured and black groups which may be 
attributed to greater amounts of pronation in this section of the foot. Similarly, under-pronation is 
indicated by lower impulse values, as represented by the white race group. 
The literature substantiates these findings as several authors also established mean peak impulse 
values to be in the forefoot region as opposed to the heel or midfoot regions (Burns et al., 2005: 
879; De Cock et al., 2006: 340; Putti et al., 2009: 197). 
Table 4.30 
Inferential Statistics – Race: Univariate ANOVA results from the Right Midfoot (Impulse) 
(Ns/cm2) 
Race n Mean  S.D.  
ANOVA Statistics                                   Scheffè test p         
Cohen’s d 
d.f. F p Black White Coloured 
Black 60 1.06 0.91 
2; 
159 
11.07 .000 
 .001 .998 
White 60 0.42 0.29 0.95  .000 
Coloured 60 1.08 1.31 N/A 0.70  
 
Table 4.30 depicts similar results to those obtained for the forefoot, in that statistically significant 
differences, as indicated by the Scheffè test, were established between the white and black race 
groups as well as white and coloured race groups regarding impulse values of the right midfoot. 
A strong practical significance was confirmed for the white and black group differences (d > 0.8) 
whereas a moderate practical significance was established for the white and coloured group 
differences (0.5 < d < 0.8). White participants yielded the lowest impulse values over the 
midfoot area, whereas those of the black and coloured races generated comparable but higher 
values.  
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The midfoot constitutes the medial longitudinal arch and midtarsal joints and are representative 
of the amount of pronation or supination that occurred during gait. Therefore the longer the 
contact time or force exertion over this area the more indicative it is of over-pronation (Donatelli, 
1985: 92; Orlin & McPoil, 2000: 402; Prentice, 2009: 574). Putti et al. (2009: 197), who used the 
same testing equipment but different population groups, yielded values of 2.18 Ns/cm
2
 and 2.05 
Ns/cm
2
 for Indian and Caucasian participants respectively pertaining to the midfoot region. 
Burns et al. (2005: 879), who used different testing equipment, found impulse values over the 
midfoot to be in the region of 2.3 Ns/cm
2
. In both instances the values are comparable but higher 
than those obtained in this study. 
Table 4.31 
Inferential Statistics – Race: Univariate ANOVA results from the Right Foot (Impulse) 
(Ns/cm2) 
Race n Mean  S.D.  
ANOVA Statistics                             Scheffè test p         
Cohen’s d 
d.f. F p Black White Coloured 
Black 60 2.86 1.25 
2; 
159 
5.86 .004 
 .121 .416 
White 60 2.29 0.63 N/A  .004 
Coloured 60 3.22 2.60 N/A 0.49  
 
Table 4.31 signifies the statistical significance established regarding impulse values of the foot as 
a whole between the various race groups as indicated by the univariate ANOVA results (p < .05). 
This significance is primarily attributed to the impulse differences experienced between the 
white and coloured groups (p < .05). Further analysis via Cohen’s d revealed the presence of a 
small practical significance between the white and coloured groups It therefore provides an 
overview of the impulse values observed over all three regions of the foot, and in so doing ranks 
coloured participants as those with the largest impulse values over the right foot as a whole. 
4.2.4 Gender-Race 
The race groups have been further subdivided so as to make both gender- and race-specific 
comparisons concurrently. These gender-race groupings were as follows: (1) Female.Black; (2) 
Female.White; (3) Female.Coloured; (4) Male.Black; (5) Male.White; (6) Male.Coloured. 
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It is clear from the gender-specific data discussed in section 4.2.1 that significant anthropometric 
disparities were present among the participants in this study. The extent of which these 
differences relate to the plantar pressure and impulse values will be discussed in further detail in 
the text to follow, as more detailed analyses may provide greater insight into any gender-race 
variances with reference to pressure and impulse values. 
4.2.4.1 Gender-Race Pressure Comparisons 
Gender-race comparisons allow for more specific comparisons of pressure and impulse values as 
individuals are grouped more distinctively.  
Table 4.32 highlights the peak pressure values obtained for each gender-race group as well as the 
location of this peak pressure value. 
Table 4.32 
Mean Peak Plantar Pressure Values (N/cm
2
): Gender-Race Comparisons 
n Left Right
180 26.31 23.10
Male 30 21.96 18.86
Location Meta-3 Meta-3
Female 30 38.45 38.56
Location Meta-3 Meta-3
Male 30 24.04 21.11
Location Meta-3 Heel-M
Female 30 25.16 21.85
Location Meta-3 Meta-2
Male 30 25.81 26.32
Location Heel-M Heel-M
Female 30 25.40 23.95
Location Meta-3 Heel-M
Black
White
Coloured
ALL
 
Analysis of the plantar pressure values at each of the ten predefined pressure sensor zones of the 
foot established that the female-black population group exhibited the highest denominations of 
all race groups, not just the female-race subgroup. The aforesaid group yielded mean peak 
pressure values of 38.45 N/cm
2 
and 35.86 N/cm
2 
for the left and right foot respectively.  
Peak pressure values of the left foot were found under the third metatarsal heads for the black 
and white male and female subgroups as well as the coloured female subgroup, whereas the 
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coloured male group yielded peak pressure values under the medial aspect of the heel. Peak 
pressures of the right foot were found under the third metatarsal head for black males and 
females, under the medial aspect of the heel for white males as well as coloured males and 
females. White females demonstrated peak pressure values under the second metatarsal. Black 
females exhibited, on average, 52.82% and 51.37% higher mean peak pressure values than white 
and coloured females respectively. Of the female-race categories, coloured and white females 
displayed similar mean peak pressure values, with white females exhibiting the lowest pressures 
under the foot. 
Converse to the female group, the highest mean peak pressures were attributed to the coloured 
male group, yielding 25.81 N/cm
2
 and 26.32 N/cm
2
 under the medial aspect of the heel for the 
left and right feet respectively. These values were correspondingly 7.36% and 17.53% higher 
than the white and black race groups, with black males, in this instance, displaying the lower 
mean peak pressure values of the three race groups. 
Overall these values were relatively comparable to those obtained by Putti et al. (2009: 197) and 
Hayafune et al. (1999: 89). Putti et al. (2009: 197) found peak pressures of 29.83 N/cm
2
 under 
the hallux region of the forefoot, whereas Hayafune et al. (1999: 89) established peak pressures 
of 44.36 N/cm
2
 under the second metatarsal area.    
Figures 4.2 and 4.3 represent the mean pressure values of the left and right feet respectively of 
all participants regarding the ten specific plantar sensor locations of interest. It therefore provides 
a clearer overview of the specific site of pressure exertion in addition to the magnitude of this 
pressure over the given area.  
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The path that an individual’s centre of gravity (COG) follows during gait is very distinct unless 
an injury or abnormality is present (Orlin & McPoil, 2000: 402; Prentice, 2009: 574). Upon heel 
 
Figure 4.1  
Mean Peak Left Foot Pressure Values 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.11 
MEAN PEAK LEFT FOOT PRESSURE VALUES 
 
Figure 4.2  
Mean Peak Right Foot Pressure Values and Standard Deviations 
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strike the subtalar joint is supinated together with obligatory external rotation of the tibia, 
resulting in a more lateral heel strike pattern. The subtalar joint undergoes pronation as the foot 
is loaded and forefoot contact is made with the supporting surface, resulting in internal rotation 
of the tibia and medial divergence of the COG over the metatarsals (Prentice, 2009: 574). 
Pronation of the subtalar joint results in unlocking of the midtarsal joint allowing the foot to act 
as a shock absorber with regards to the ground reaction forces, thereby allowing these forces to 
be evenly distributed over as many plantar joints as possible. As the centre of gravity passes over 
the base of support the subtalar joint begins to resupinate, consequently locking the midtarsal 
joints in preparation of toe-off, and ultimately the COG deviates more medially over the great toe 
(Prentice, 2009: 574). This can be clearly perceived in Figures 4.2 and 4. 3 where mean peak 
pressure values are denoted over the primary loadbearing structures of the foot, namely the heel, 
second and third metatarsal heads as well as the great toe. Marginal pressure values were 
observed at the midfoot as well as lesser toes. However, Figures 4.2 and 4.3 provide only an 
overview of pressure values obtained for all participants, therefore Tables 4.33 and 4.34 present 
more detailed information regarding the forefoot, midfoot, heel and foot for a more specific 
analysis for each of the gender-race subgroups. 
Table 4.33 
Descriptive Statistics – Gender-Race: Pressure values of the Left Foot (N/cm2) 
 
 
 
 
 
 
 
 
 
 
Gender-Race n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Female Black 30 22.59 5.78 4.41 2.63 26.25 6.90 17.75 4.17 
Female White 30 12.85 2.54 3.51 1.82 20.27 4.37 12.21 2.41 
Female Coloured 30 15.00 9.07 3.35 2.01 20.58 9.91 12.98 5.86 
Male Black 30 11.60 2.62 3.37 1.37 13.98 4.35 9.65 2.29 
Male White 30 12.77 3.86 3.01 1.96 20.32 5.89 12.03 3.39 
Male Coloured 30 14.05 6.11 5.58 6.23 22.52 13.17 14.05 7.49 
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Table 4.34 
Descriptive Statistics – Gender-Race: Pressure values of the Right Foot (N/cm2) 
 
From these latter tables it is evident the heel yielded the highest pressures among the three 
regions of the foot, closely followed by the forefoot and finally the midfoot. This was true for all 
gender-race subgroups and coincides with the plantar loading patterns described by Donatelli 
(1985: 93), Orlin and McPoil (2000: 400) as well as Prentice (2009: 574), already mentioned 
previously in the text. The heel is the first point of impact during the stance phase of walking and 
has minimal shock absorbing qualities, higher pressure values are therefore to be expected 
(Prentice, 2009: 574). 
Tables 4.35 to 4.41 in the text to follow provide valuable insight into which areas of the foot 
were found to be both statistically and practically significant regarding pressure values under the 
various regions of the foot pertaining to the various gender-race subgroups. 
Table 4.35 
Inferential Statistics – Gender-Race: Univariate ANOVA results of the left Forefoot 
(Pressure) (N/cm
2
) 
Gender-
Race 
n 
Mean 
 
S.D.  
ANOVA Statistics                                                                         Scheffè test p                      
Cohen’s d                                            
 
d.f. F p Female
-Black 
Female
-White 
Female-
coloured 
Male-
Black 
Male-
White 
Male-
Coloured 
Female-
Black 
30 22.59 5.78 
2; 
159 
8.82 .000 
 .000 .000 .000 .000 .000 
Female-
White 
30 12.85 2.54 2.18  .760 .972 1.000 .976 
Female-
Coloured 
30 15.00 9.07 1.00 N/A  .267 .728 .991 
Male-
Black 
30 11.60 2.62 2.45 N/A N/A  .979 .647 
Male-
White 
30 12.77 3.86 2.00 N/A N/A N/A  .968 
Male-
Coloured 
30 14.05 2.11 1.44 N/A N/A N/A N/A  
 
Gender-Race 
n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Female Black 30 22.60 6.22 5.68 4.08 26.01 6.74 18.10 4.55 
Female White 30 12.03 2.60 1.99 1.18 19.02 4.19 11.01 2.30 
Female Coloured 30 13.88 6.53 3.41 3.73 20.12 9.70 12.47 5.47 
Male Black 30 10.85 2.45 2.93 1.20 13.83 3.93 9.20 2.12 
Male White 30 12.27 3.93 1.97 1.12 19.09 5.23 11.11 2.88 
Male Coloured 30 13.85 7.02 5.33 7.05 22.47 14.39 13.88 8.04 
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Further analyses for statistically significant relationships between plantar pressure of the left 
forefoot and the various gender-race subgroups revealed the interactions between black females 
and all other gender-race groups to be significant (p< .05), as indicated by the Scheffè test in 
Table 4.35 above. Of greater importance, with regards to large practical significance (d > 0.8), 
were the differences exhibited between black female participants and all other subgroups (white 
females, coloured females, white males, coloured males, as well as black males). These 
differences may be attributed to the sizeable pressure values recorded for the black female 
population group in comparison to the other groups. No further comparisons were found to be 
statistically significant and are therefore not deemed noteworthy. 
These results indicate that black females had substantially higher left forefoot pressure values 
compared to the other gender-race subgroups, as was established in Tables 4.35 above. Large 
forefoot values are usually the consequence of pronation at the midfoot (Donatelli, 1985: 92; 
Prentice, 2009: 575). Therefore both the pressure and impulse values of the midfoot were of 
special interest.  
The right forefoot exhibited similar observations as those obtained for the left forefoot. The 
forefoot being an area of interest, was determined to be of statistical relevance as indicated by 
the univariate ANOVA test (p < .05) in Table 4.36 below. 
Table 4.36 
Inferential Statistics – Gender-Race: Univariate ANOVA results from the right Forefoot 
(Pressure) (N/cm
2
) 
Gender-
Race 
n 
Mean 
 
S.D.  
ANOVA Statistics                                                                         Scheffè test p                      
Cohen’s d                                            
 
d.f. F p Female
-Black 
Female
-White 
Female-
coloured 
Male-
Black 
Male-
White 
Male-
Coloured 
Female-
Black 
30 22.60 6.22 
2; 
159 
10.51 .000 
 .000 .000 .000 .000 .000 
Female-
White 
30 12.03 2.60 2.22  .817 .971 1.000 .828 
Female-
Coloured 
30 13.88 6.53 1.37 N/A  .319 .890 1.000 
Male-
Black 
30 10.85 2.45 2.48 N/A N/A  .935 .332 
Male-
White 
30 12.27 3.93 1.99 N/A N/A N/A  .898 
Male-
Coloured 
30 13.85 7.02 1.32 N/A N/A N/A N/A  
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All relationships between black females and the other gender-race subgroups were also 
determined to be of statistical significance, as indicated by the Scheffè test. Cohen’s d analyses 
provided further insight into the practical significance levels. High levels of practical 
significance were indicated between black females and all other gender-race subgroups (d > 0.8). 
As can be ascertained from Table 4.36, this may be attributed to the large differences in plantar 
pressure values of 22.60 (± 6.22) N/cm
2
 recorded for black females, which was at least 62.82% 
larger than the other gender-race subgroups.  
Of the female population group, white females obtained the lowest mean pressure values over 
the right forefoot (12.03 ± 2.60 N/cm
2
). With regards to the male population, the lowest mean 
pressure values were yielded by the black male population subgroup, who exhibited values of 
10.85 (± 2.45) N/cm
2
 over this area of the right foot. None other than the differences between the 
black females and other groups were found to be statistically significant. 
Pressure differences between the left and right forefoot regions were not found to be significant, 
therefore indicating relative symmetry in terms of pressure between the two feet. 
Values and findings pertaining to the left midfoot are represented in Table 4.37 below. Although 
values were deemed to be of statistical significance, as indicated by the univariate ANOVA test 
(p < .05), the post-hoc Scheffè test revealed no statistical significance regarding plantar pressure 
values between the various gender-race subgroups. 
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Table 4.37 
Inferential Statistics – Gender-Race: Univariate ANOVA results from the left Midfoot 
(Pressure) (N/cm
2
) 
Gender-
Race 
n 
Mean 
 
S.D. 
ANOVA Statistics                                                                                   Scheffè test p                     
Cohen’s d                                            
 
d.f. F p Female-
Black 
Female
-White 
Female-
coloured 
Male-
Black 
Male-
White 
Male-
Coloured 
Female-
Black 
30 4.41 2.63 
2; 
159 
5.19 .007 
 .924 .861 .868 .648 .805 
Female-
White 
30 3.51 1.82 N/A  1.000 1.000 .995 .207 
Female-
Coloured 
30 3.35 2.01 N/A N/A  1.000 .999 .143 
Male-
Black 
30 3.37 1.37 N/A N/A N/A  .999 .148 
Male-
White 
30 3.01 1.96 N/A N/A N/A N/A  .053 
Male-
Coloured 
30 5.58 6.23 N/A N/A N/A N/A N/A  
 
It is of interest to note however that the coloured male subgroup yielded the largest pressure 
values in the midfoot region (5.58 N/cm
2
 ± 6.23), whereas white males demonstrated the lowest 
values in this area (3.01 N/cm
2
 ± 1.96). 
It is apparent from the data in Table 4.38 below that the largest mean peak pressure values are 
observed at the heel of the left foot. These values were determined to be statistically significant 
regarding the various gender-race groups (p < .05). Scheffè testing revealed the presence of 
statistically significant difference between black females and black males as well as between 
black males and coloured males. This is attributable to the fact that black males yielded the 
lowest pressures over this region of the foot, namely 13.98 (± 4.35) N/cm
2
, whereas black 
females and coloured males yielded highest and second highest planar pressure values of 26.25 
(± 6.90) N/cm
2
 and 22.52 (± 13.71) N/cm
2
 respectively under this region of the foot. 
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Table 4.38 
Inferential Statistics – Gender-Race: Univariate ANOVA results from the left Heel 
(Pressure) (N/cm
2
) 
Gender-
Race 
n 
Mean 
 
S.D.  
ANOVA Statistics                                                                                   Scheffè test p                     
Cohen’s d                                            
 
d.f. F p Female-
Black 
Female
-White 
Female-
coloured 
Male-
Black 
Male-
White 
Male-
Coloured 
Female-
Black 
30 26.25 6.90 
2; 
159 
4.10 .018 
 .140 .187 .000 .147 .656 
Female-
White 
30 20.27 4.37 N/A  1.000 0.103 1.000 .945 
Female-
Coloured 
30 20.58 9.91 N/A N/A  .074 1.000 .971 
Male-
Black 
30 13.98 4.35 2.13 N/A N/A  .097 .006 
Male-
White 
30 20.32 5.89 N/A N/A N/A N/A  .950 
Male-
Coloured 
30 22.52 13.71 N/A N/A N/A 0.87 N/A  
 
Analysis of practical significance, using the Cohen’s d statistic, indicated that large levels of 
practical significance were detected between plantar pressure values of the following race 
groups: black males and black females, as well as between black males and coloured males (d > 
0.8).  
As with the heel of the left foot, the heel of the right foot also indicated statistical significance 
regarding the difference between plantar pressure values and the gender-race category (p < .05) 
indicated in Table 4.39 below. This statistical significance is primarily attributable to the 
differences that occurred between black males and black females as well as between black males 
and coloured males, as indicated by the values obtained from the Scheffè test (p < .05).  
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Table 4.39 
Inferential Statistics – Gender-Race: Univariate ANOVA results from the right Heel 
(Pressure) (N/cm
2
) 
Gender-
Race 
n 
Mean 
 
S.D. 
ANOVA Statistics                                                                       Scheffè test p                      
Cohen’s d                                            
 
d.f. F p Female
-Black 
Female
-White 
Female-
coloured 
Male-
Black 
Male-
White 
Male-
Coloured 
Female-
Black 
30 26.01 6.74 
2; 
159 
4.94 .008 
 .056 .172 .000 .061 .724 
Female-
White 
30 19.02 4.19 N/A  .998 .303 1.000 .748 
Female-
Coloured 
30 20.12 9.70 N/A N/A  .118 .999 .940 
Male-
Black 
30 13.83 3.93 2.21 N/A N/A  .287 .006 
Male-
White 
30 19.09 5.23 N/A N/A N/A N/A  .765 
Male-
Coloured 
30 22.47 14.29 N/A N/A N/A 0.82 N/A  
 
Large practical significance levels were indicated between black males black females as well as 
between black males and coloured males.  
Pressure values of the left heel versus the right heel for each gender-race subgroup were 
compared and assessed for statistically significant differences, but were not found to be true. 
This indicated symmetry regarding pressure values pertaining to the heels of both feet. 
Large heel pressure values, relative to the other areas of the foot, were expected from the 
literature (Cavanagh et al., 1997: 249; De Cock et al., 2006: 341; Scott et al., 2007: 71). Heel 
pressures are usually large due to the ground reaction forces at heel strike, the magnitude of 
which is the result of a combination of body weight and horizontal velocity (Orlin & McPoil, 
2000: 400). It is only once heel strike has occurred that the midtarsal joints are able to unlock, 
thereby allowing the foot to perform its shock-absorbing function. 
Table 4.40 on the following page provides a summary of the pressure values experienced under 
the left foot as a whole relative to the various gender-race subgroups. Not surprisingly, as has 
been ascertained from the regions of the forefoot, midfoot and heel in Tables 4.32 to 4.36, the 
black female population group tended to exhibit the highest mean plantar pressure values. Black 
males on the other hand yielded the lowest pressure values, specifically under the forefoot and 
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heel areas. The fact that the black female group yielded higher values than the black male group 
is somewhat surprising given that height, weight and BMI were not found to be implicating 
factors regarding the plantar pressure values in the various regions of the foot.  
Table 4.40 
Inferential Statistics – Gender-Race: Univariate ANOVA results from the left Foot 
(Pressure) (N/cm
2
) 
Gender-
Race 
n 
Mean 
 
S.D.  
ANOVA 
Statistics 
                                                                       Scheffè test p                     
Cohen’s d                                            
 
d.f. F p Female
-Black 
Female
-White 
Female-
coloured 
Male-
Black 
Male-
White 
Male-
Coloured 
Female-
Black 
30 17.75 4.17 
2; 
159 
6.37 .002 
 .001 .006 .000 .000 .077 
Female-
White 
30 12.21 2.41 1.63  .994 .440 1.000 .775 
Female-
Coloured 
30 12.98 5.86 0.94 N/A  .153 .985 .973 
Male-
Black 
30 9.65 2.29 2.41 N/A N/A  .524 .017 
Male-
White 
30 12.03 3.39 1.50 N/A N/A N/A  .699 
Male-
Coloured 
30 14.05 7.49 N/A N/A N/A 0.79 N/A  
 
Foot structure and biomechanics are considered determining factors in the pressures experienced 
in the foot as a whole. Flatter foot structures tend to exhibit higher plantar pressure values under 
most regions of the foot, specifically the midfoot and forefoot areas (Donatelli, 1985: 93; 
Prentice, 2009: 584). This was validated in the text above as those that exhibited the highest 
pressures in the midfoot tended to display the highest pressures in the forefoot. Conversely, those 
that demonstrated the lowest values in the midfoot went on to obtain the lowest values in the 
forefoot region as well. The purpose of pronation at the midtarsal joints is therefore evident as it 
tends to reduce the pressures experienced under the plantar aspect of foot. This becomes 
problematic only when there is either over-pronation or under-pronation as it affects the 
magnitude of the forces and pressures experienced over various regions of the plantar surface of 
the foot. 
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Table 4.41 
Inferential Statistics – Gender-Race: Univariate ANOVA results from the right Foot 
(Pressure) (N/cm
2
) 
Gender-
Race 
n 
Mean 
 
S.D.  
ANOVA 
Statistics 
                                                                              Scheffè test p                     
Cohen’s d                                            
 
d.f. F p Female
-Black 
Female
-White 
Female-
coloured 
Male-
Black 
Male-
White 
Male-
Coloured 
Female-
Black 
30 18.10 4.55 
2; 
159 
7.14 .001 
 .000 .001 .000 .000 .029 
Female-
White 
30 11.01 2.30 1.97  .909 .797 1.000 0.319 
Female-
Coloured 
30 12.47 5.47 1.12 N/A  .181 .931 .920 
Male-
Black 
30 9.20 2.12 2.51 N/A N/A  .759 .010 
Male-
White 
30 11.11 2.88 1.84 N/A N/A N/A  .359 
Male-
Coloured 
30 13.88 8.04 0.65 N/A N/A 0.80 N/A  
 
Table 4.41 is a summary of the mean values of all the various foot areas, namely the forefoot, 
midfoot and heel, thereby providing a greater overview of the mean pressures exerted under the 
entire plantar surface area for the various gender-race groups, which were determined to be of 
statistical significance (p < .05). The source of this statistical significance can be traced to the 
substantially higher plantar pressure values presented by the black female subgroup relative to all 
other gender-race groups. The difference between black males and coloured males was also 
deemed statistically significant. 
Regarding practical significance levels, high levels of significance were established between 
black females and the following: white and coloured females, and black and white males. 
Similarly, moderate practical significance levels were established between black males and 
coloured males. These strong significance levels are accredited to the high plantar pressure 
values of the black female population group (18.10 ± 4.55 N/cm
2
) under the foot as a whole 
relative to other subgroups. Black males on the other hand yielded the lowest of all gender-race 
groups (9.20 ± 2.12 N/cm
2
) as was true for the left foot.  
The overall left foot pressure values were compared to those of the right foot and assessed for 
statistical differences. None were found and therefore not deemed noteworthy. 
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The mean peak pressure values, together with the standard deviations, for each region of the left 
and right foot can be seen in Figures 4.4 and 4.5 respectively. This provides an overview of the 
pressure differences between the various gender-race subgroups in addition to the regions of the 
foot that exhibit the highest or lowest mean peak pressure values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 
Left Foot Pressure Values and Standard Deviations per Region 
 
 
 
 
 
 
FIGURE 4.13 
LEFT FOOT PRESSURE VALUES PER REGION 
 
Figure 4.4 
Right Foot Pressure Values and Standard Deviations per Region 
 
 
 
 
Mark Kramer • 2011 • 96 
Nelson Mandela Metropolitan University • Department of Human Movement Science  
 
4.2.4.2 Gender-Race Impulse Comparisons 
The literature regarding impulse values is somewhat varied primarily due to the fact that the 
methods employed by researchers to attain these values are equally varied. These variations are 
attributable, but not limited to, the following: foot analysis techniques, regional foot groupings 
and categorization criteria, plantar pressure, BMI, gait speed and foot abnormalities including 
over-pronation or under-pronation. These are all considered contributing factors to the 
heterogeneous impulse values recorded in numerous studies (Orlin & McPoil, 2000: 401; Hills et 
al., 2001: 1678; Birtane & Tuna, 2004: 1058; Burns et al., 2005: 879; De Cock et al., 2006: 341; 
Teyhen et al., 2009: 391).   
Table 4.42 references the impulse values obtained for the various gender-race groups as well as 
the anatomical area that yielded the peak impulse values. 
Table 4.42 
Mean Peak Plantar Impulse Values (Ns/cm
2
): Gender-Race Comparisons  
n Left Right
180 6.05 5.02
Male 30 4.74 4.30
Location Meta-3 Meta-3
Female 30 6.09 7.07
Location Meta-2 Meta-3
Male 30 5.48 4.61
Location Meta-3 Meta-2
Female 30 5.29 4.38
Location Meta-3 Meta-2
Male 30 7.35 6.70
Location Meta-3 Heel-L
Female 30 5.90 5.37
Location Meta-3 Heel-M
Black
White
Coloured
ALL
 
Pertaining to the impulse values recorded for the overall female group it is not surprising to find 
that black females demonstrated the largest impulse values (7.07 Ns/cm
2
), whereas white females 
yielding the lowest (4.38 Ns/cm
2
). The locations of these peak impulse values were usually 
limited to the second and third metatarsal heads of the left and right feet, with the exception of 
the coloured male and female race groups which tended to yield peak impulse values over the 
lateral and medial heel respectively pertaining to the right foot.  
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With reference to the impulse values obtained by the male-race subgroup, it was established that 
coloured male participants obtained the highest impulse rate of 7.35 Ns/cm
2
, whereas black male 
participants revealed the lowest of 4.30 Ns/cm
2
. These results are verified in Table 4.39 above.  
Figures 4.6 and 4.7 below provide a graphic representation of the specific areas of the foot that 
are subjected to varying degrees of impulse values pertaining to the left and right feet 
respectively of all participants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 
Mean Peak left foot impulse values and Standard Deviations 
 
 
 
 
 
 
 
Figure 4.6 
Mean Peak right foot impulse values and Standard Deviations 
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It has already been established that impulse values closely follow the pressure distribution 
patterns as it is the product of the time over which the pressure acts on a specific structure or 
anatomical landmark (Orlin & McPoil, 2000: 401; De Cock et al., 2006: 341). Higher impulse 
values specify regions of the foot over which pressure is exerted for a greater period of time 
possibly due to the locking and unlocking mechanisms of the bones of the foot as it undergoes 
varying degrees of pronation and supination (Prentice, 2009: 545). Conversely, small impulse 
values denote areas of the plantar surface that are subjected to either relatively little pressure 
over a given period of time, or a given amount of pressure over a brief time period. 
Consequently, due to the biomechanics of the foot during gait, the greatest impulse values are 
found under those areas subjected to the greatest amounts of pressure, namely the heel, second 
and third metatarsals, as well as the great toe. Similarly, the smallest impulse values are found 
under those areas that exhibit the least pressure values or have the greatest biomechanical 
advantage; hence the midfoot and lesser toes have diminutive impulse values compared to the 
other areas.   
Tables 4.43 and 4.44 below represent the impulse values of all four primary regions of the left 
and right feet respectively for all gender-race subgroups. 
Table 4.43 
Descriptive Statistics – Gender-Race: Impulse values from the Left Foot (Ns/cm2) 
Gender-Race n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Female Black 30 4.21 1.22 1.07 0.71 5.58 1.73 3.62 0.92 
Female White 30 2.56 0.66 0.71 0.45 3.96 1.01 2.41 0.57 
Female Coloured 30 3.22 2.14 0.76 0.54 4.56 2.51 2.85 1.42 
Male Black 30 2.45 0.76 0.84 0.47 2.75 1.15 2.01 0.58 
Male White 30 2.84 0.98 0.70 0.50 4.27 1.46 2.60 0.82 
Male Coloured 30 4.39 6.24 1.75 3.54 6.35 6.56 4.16 5.32 
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Table 4.44 
Descriptive Statistics – Gender-Race: Impulse values from the Right Foot (Ns/cm2) 
Gender-Race n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Female Black 30 4.25 1.25 1.39 1.11 5.72 1.68 3.79 1.03 
Female White 30 2.41 0.66 0.39 0.31 3.78 1.05 2.19 0.55 
Female Coloured 30 2.97 1.50 0.84 1.03 4.40 2.11 2.74 1.26 
Male Black 30 2.35 0.71 0.72 0.45 2.71 0.99 1.93 0.56 
Male White 30 2.81 1.11 0.45 0.27 3.92 1.20 2.39 0.69 
Male Coloured 30 3.42 1.96 1.33 1.51 6.35 8.60 3.70 3.43 
 
Coloured males generally exhibited the largest impulse values over all four regions of the left 
foot, including the forefoot, midfoot and heel areas. Black females yielded the second largest 
impulse values over all regions of the left foot and were the highest values of the female 
population group. Conversely, the lowest values were obtained by the black male population 
under all regions of the foot, with the exception of the midfoot, where the white male group 
yielded the lowest values.  
Foot structure plays an important role in this instance as greater midfoot contact would result in 
greater impulse values over this region. Conversely, the less the degree of pronation, due to a 
more rigid foot structure, the less contact is made thereby resulting in smaller impulse values 
(Prentice, 2009: 545). 
When testing for statistically significant differences between the gender-race groups and impulse 
values of the various regions of the foot, only the forefoot and overall foot were signposted as 
relevant by the univariate ANOVA test (p < .05). This is represented in Table 4.45 below. 
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Table 4.45 
Inferential Statistics – Gender-Race: Univariate ANOVA results from the left Forefoot 
(Impulse) (Ns/cm
2
) 
Gender-
Race 
n Mean  S.D.  
ANOVA statistics                                                                                  Scheffè test p                     
Cohen’s d                                            
 
d.f. F p Female
-Black 
Female
-White 
Female-
coloured 
Male-
Black 
Male-
White 
Male-
Coloured 
Female-
Black 
30 4.25 1.25 
2; 
159 
6.5 .002 
 .000 .004 .000 .001 .185 
Female-
White 
30 2.41 0.66 1.84  .620 1.000 .873 .046 
Female-
Coloured 
30 2.97 1.5 0.83 N/A  .506 .998 .801 
Male-
Black 
30 2.35 0.71 1.86 N/A N/A  .791 .027 
Male-
White 
30 2.81 1.11 1.22 N/A N/A N/A  .519 
Male-
Coloured 
30 3.42 1.96 N/A 0.69 N/A 0.73 N/A  
 
Table 4.45 reflects the univariate ANOVA results for pressure values pertaining to the left 
forefoot. Largely due to the pressure values exerted over the left forefoot, the impulse values of 
the left foot were found to be of statistical significance (p < .05). This was especially true for 
females of the black group as statistically significant differences were established regarding the 
plantar pressure values of the left forefoot of black females and all other gender-race groups, 
barring coloured males. Statistically significant differences were also evident between black 
males and coloured males as well as between white females and coloured males (p < .05). 
Cohen’s d testing again alluded to high levels of practical significance between black females 
and the following subgroups: white females, coloured females, black males and white males. 
This can largely be attributed to the high plantar pressure values yielded in this region of the foot 
by the black female population group. More moderate levels of practical significance were 
specified between coloured males and white females as well as between coloured males and 
black males (0.5 < d < 0.8).  
Black females exhibited the highest impulse values over the left forefoot (4.25 ± 1.25 Ns/cm
2
), 
whereas black males yielded the lowest (2.35 ± 0.71 Ns/cm
2
). These values are similar to those 
obtained by Putti et al. (2009: 197) who attained values ranging from 1.34 to 4.87 Ns/cm
2
 for 
various areas of the forefoot. 
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Table 4.46 
Inferential Statistics – Gender-Race: Univariate ANOVA results from the right Foot 
(Impulse) (Ns/cm
2
) 
Gender-
Race 
n Mean  S.D.  
ANOVA statistics                                                                                   Scheffè test 
p                      Cohen’s d                                            
 
d.f. F p Female
-Black 
Female
-White 
Female-
coloured 
Male-
Black 
Male-
White 
Male-
Coloured 
Female-
Black 
30 3.79 1.03 
2; 
159 
4.37 .014 
 .006 .198 .001 .027 1.000 
Female-
White 
30 2.19 0.55 1.93  .849 .993 .998 .011 
Female-
Coloured 
30 2.74 1.26 N/A N/A  .494 .977 .288 
Male-
Black 
30 1.93 0.56 2.24 N/A N/A  .916 .001 
Male-
White 
30 2.39 0.69 1.59 N/A N/A N/A  .047 
Male-
Coloured 
30 3.70 3.43 N/A 0.61 N/A 0.72 0.53  
 
By amalgamating all three distinct regions of the foot (forefoot, midfoot and heel) into one 
complete region, one can gain a greater overall impression of which gender-race group generated 
the highest and lowest mean impulse values under the plantar aspect of the foot as a whole. 
These values can be seen in Table 4.46 above. 
Statistically significant impulse differences were uncovered between black females and the 
following subgroups: white females, black males and white males. These differences were found 
to be of high practical significance (d > 0.8) as can be seen in Table 4.46 above. Statistically 
significant impulse differences were also observed between coloured males and the subsequent 
gender-race groups: white females, black males and white males. These differences were 
however found to be of moderate practical significance (0.5 < d < 0.8). 
It is observable that black females yielded the largest impulse values overall (3.79 ± 1.03 
Ns/cm
2
) with coloured males emerging with second highest values (3.70 ± 3.43 Ns/cm
2
). It is 
also evident that black males produced the lowest impulse values (1.93 ± 0.56 Ns/cm
2
), with 
white females emerging with the second lowest values (2.19 ± 0.55 Ns/cm
2
). This can be seen 
more lucidly in Figures 4.8 and 4.9 below regarding plantar pressure values over the specific 
regions of the left and right feet respectively. 
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Figure 4.7 
Left Foot Impulse Values and Standard Deviations per Region 
 
 
 
 
 
 
FIGURE 4.17 
LEFT FOOT IMPULSE VALUES PER REGION 
 
Figure 4.8 
Right Foot Impulse Values and Standard Deviations per Region 
 
 
 
 
FIGURE 4.18 
RIGHT FOOT IMPULSE VALUES PER REGION 
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4.2.5 Physical Activity 
Physical activity is the umbrella term used to describe body movements produced by muscle 
actions that serve to increase energy expenditure (McArdle et al., 2007: 886). Physical activity 
therefore includes exercise, physical fitness, health, and health-related physical fitness. This term 
was used to assess how participants would classify their own general levels of daily physical 
activity so as to differentiate between largely inactive population groups and more active ones. 
This was considered to be of importance as all participants were from a university student 
population, therefore the degree of physical activity was hypothesized to vary quite significantly, 
am may therefore be a contributing factor pertaining to the pressure and impulse values 
generated. Participants were also asked specifically if they actively participated in any sports, 
and if so to indicate the frequency, intensity and duration of their sport or exercise participation.  
Any gender-race differences are made apparent in Table 4.47 on the following page. Female 
participants in general tended to be less physically active than their male equivalents. 
Consequently, female participants were classified as low-to-moderately active in terms of 
physical activity levels, whereas the male constituents were classified as more moderately active. 
It is also evident that, out of all three race groups, the white population subgroup was the most 
physically active due largely to their large sport and exercise participation levels (the 
questionnaire may be seen in appendix C). Of all gender-race groups, black females were found 
to be the least physically active group. This will be discussed further in the race-physical activity 
section of this report. 
Table 4.47 
Descriptive statistics – Physical Activity 
Gender.Race n Mean S.D. 
All 180 1.73 0.78 
F.Black 30 1.23 0.50 
F.White 30 2.10 0.76 
F.Coloured 30 1.47 0.68 
M.Black 30 1.63 0.67 
M.White 30 2.10 0.84 
M.Coloured 30 1.83 0.79 
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  4.2.5.1 Physical Activity Pressure Differentials 
Of interest to this study was determining whether the level of physical activity had any 
significant impact on the plantar pressure values. Approximately 47% of participants were 
classified as partaking in low levels of physical activity, 33% were classified as moderately 
active and a mere 20% were considered highly active. 
Tables 4.48 and 4.49 below represent the mean pressure values obtained for participants for each 
of the different physical activity categorizations.  
Table 4.48 
Descriptive Statistics – Physical Activity: Pressure values from the Left Foot (N/cm2) 
Physical 
Activity 
n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Low 85 15.02 6.57 3.88 2.39 20.15 8.88 13.02 5.19 
Moderate 59 15.64 7.86 3.64 2.42 21.84 9.91 13.71 5.96 
High 36 12.96 2.76 4.21 5.40 19.89 6.09 12.35 3.83 
 
Table 4.49 
Descriptive Statistics – Physical Activity: Pressure values from the Right Foot (N/cm2) 
Physical 
Activity 
n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Low 85 14.61 6.84 3.69 3.44 19.84 8.72 12.71 5.51 
Moderate 59 14.88 7.22 3.46 3.33 21.01 10.49 13.12 6.05 
High 36 12.35 2.41 3.37 5.84 19.19 6.35 11.64 4.09 
 
Of interest from Tables 4.48 and 4.49 above is that highly active individuals yielded the lowest 
pressure values overall, specifically under the forefoot, and heel regions. Moderately active 
individuals, on the other hand, yielded the largest pressure values overall, specifically under the 
forefoot and heel regions. 
When comparing pressure differences between the left and right feet, statistically significant 
differences (p < .05) were found only in the midfoot region when comparing the feet between 
moderately active (5.28 ± 25.69 N/cm
2
) and highly active individuals (19.00 ± 22.82 N/cm
2
). A 
moderate practical significance was indicated regarding the mean pressure values between 
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moderately active and highly active individuals (0.5 < d < 0.8). No other statistically or 
practically significant differences were identified (p > .05), therefore signifying that the 
variances in plantar pressure experienced over the different regions of the foot could not be 
explained by the differences in the level of physical activity alone (see Table D.25 in appendix 
D). 
  4.2.5.2 Physical Activity Impulse Differentials 
As physical activity is a dynamic pursuit, the impulse values obtained could provide greater 
detail as to the changes in pressure loading under a given area. 
Tables 4.50 and 4.51 below reflect the mean impulse values for the left and right feet 
respectively of all participants pertaining to the various physical activity categorizations. 
Table 4.50 
Descriptive Statistics – Physical Activity: Impulse values from the Left Foot (Ns/cm2) 
Physical 
Activity 
n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Low 85 3.39 3.84 1.11 2.13 4.64 3.97 3.05 3.21 
Moderate 59 3.39 1.82 0.85 0.60 4.78 2.77 3.00 1.50 
High 36 2.83 0.85 0.85 0.84 4.12 1.74 2.60 1.01 
 
 
Table 4.51 
Descriptive Statistics – Physical Activity: Impulse values from the Right Foot (Ns/cm2) 
Physical 
Activity 
n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Low 85 2.98 1.42 0.91 0.97 4.20 2.07 2.70 1.27 
Moderate 59 3.27 1.65 0.87 0.93 5.24 6.23 3.12 2.51 
High 36 2.76 0.87 0.70 1.07 3.89 1.31 2.45 0.92 
 
It is discernible from Tables 4.50 and 4.51 above that the lowest impulse values were yielded by 
those participants considered to be highly active. Moderately active individuals on the other hand 
yielded the largest impulse values overall. Presently there is no literature available to explain 
these findings; any conclusions drawn would therefore be merely hypothetical in nature. 
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Left foot values were compared to those of the right foot to establish whether the differences 
observed were of any statistical or practical significance. A small statistical significance was 
indicated for the midfoot region between those of moderate physical activity levels and those of 
high physical activity levels (p < .05). This was substantiated in Table 4.52 below by the 
presence of a moderate practical significance between moderately and highly active individuals 
(0.5 < d < 0.8). 
Table 4.52 
Inferential Statistics – Physical Activity: Univariate ANOVA results of the Midfoot 
(Impulse) (Ns/cm
2
) 
Physical 
Activity 
n Mean S.D. 
ANOVA Statistic                           Scheffè test p         
Cohen’s d 
d.f. F p Low Moderate High 
Low 85 7.51 30.16 
2; 
159 
4.44 .013 
 .805 .630 
Moderate 59 4.66 27.48 N/A  .027 
High 36 19.38 24.47 N/A 0.56  
  
4.2.6 Race-Physical Activity 
It was evident from the previous section that physical activity was found to be of significance 
with specific reference to the impulse values. This section explores the concept further by 
investigating the differences established between the plantar pressure and impulse values and the 
level of physical activity of each race group. Each race group is therefore further subdivided 
according to the level of physical activity each individual regularly participated in. 
  4.2.6.1 Race-Physical Activity Pressure Differentials 
The mean pressure values for each region of the foot are portrayed in Tables 4.53 and 4.54 below 
relating to each race-physical activity subgroup. 
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Table 4.53 
Descriptive Statistics – Race-Physical Activity: Pressure values from the Left Foot (N/cm2) 
Race Physical Activity n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Black Low 38 17.99 7.30 4.15 2.44 21.03 9.19 14.39 5.68 
Black Moderate 18 15.67 6.92 3.42 1.55 19.35 7.25 12.81 4.63 
Black High 4 15.04 6.09 3.47 1.17 14.90 2.29 11.14 2.67 
White Low 16 12.79 4.50 3.67 2.49 19.97 6.51 12.15 3.98 
White Moderate 22 12.84 3.64 3.24 1.99 19.90 5.27 11.99 3.12 
White High 22 12.79 1.32 2.97 1.21 20.92 3.94 12.23 1.68 
Coloured Low 31 12.53 4.99 3.66 2.34 19.17 9.67 11.79 4.82 
Coloured Moderate 19 18.85 10.85 4.32 3.34 26.45 14.18 16.54 8.35 
Coloured High 10 12.49 3.29 7.23 9.76 19.60 9.63 13.11 6.84 
 
Table 4.54 
Descriptive Statistics – Race-Physical Activity: Pressure values from the Right Foot 
(N/cm
2
) 
Race Physical Activity n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Black Low 38 17.74 7.79 4.81 3.88 20.95 8.94 14.50 6.16 
Black Moderate 18 15.24 7.46 3.56 1.73 18.74 7.16 12.51 4.92 
Black High 4 13.86 4.72 2.86 0.92 15.47 2.50 10.73 2.42 
White Low 16 12.31 4.97 1.87 1.34 18.75 5.25 10.97 3.37 
White Moderate 22 11.95 3.35 2.21 1.13 18.84 5.20 11.00 2.87 
White High 22 12.22 1.33 1.83 1.01 19.50 3.87 11.19 1.55 
Coloured Low 31 11.96 4.61 3.26 3.19 19.04 9.89 11.42 5.02 
Coloured Moderate 19 17.95 9.05 4.81 5.26 25.66 15.51 16.14 8.37 
Coloured High 10 12.02 3.14 6.98 10.46 19.99 10.61 12.99 7.40 
 
It is noteworthy from the tables above that the lowest pressure values, under the foot as a whole, 
were ascribed to the highly active black population group. The largest pressure values under the 
plantar aspect of the foot were accredited to the moderately active coloured population. Presently 
there is a dearth of information in the literature that may clarify such findings and may therefore 
be of interest for future studies. 
Figures 4.10 and 4.11 below illustrate the pressure values and standard deviations regarding the 
different regions of the foot for each race-physical activity subgroup. This provides a greater 
overview of the highest and lowest pressure values obtained by each of the relative subgroups. 
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This study aims, in part, to shed some light on the matter pertaining to the interaction between 
race and physical activity. The statistical and practical significance levels relative to the regions 
of the foot may be seen in Tables 4.55 and 4.56 below.   
 
 
 
 
 
Figure 4.11 
RACE-Physical activity distribution - Summarized Pressure values and 
Standard Deviations of the Left Foot 
 
 
 
 
 
 
FIGURE 4.20 
ETHNIC-PHYSICAL ACTIVITY DISTRIBUTION - SUMMARIZED PRESSURE 
VALUES OF THE LEFT FOOT 
 
 
Figure 4.12 
RACE-Physical activity distribution - Summarized Pressure values and 
Standard Deviations of the Left Foot 
 
 
 
 
 
 
 
FIGURE 4.20 
ETHNIC-PHYSICAL ACTIVITY DISTRIBUTION - SUMMARIZED PRESSURE 
VALUES OF THE LEFT FOOT 
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Table 4.55 
Inferential Statistics – Race-Physical Activity: Univariate ANOVA results from the left 
Forefoot (Pressure) (N/cm
2
) 
 
When analysing the pressure values for each race group relative to their level of physical 
activity, a statistical significance was established with regards to the left forefoot region (p < 
.05). Scheffè testing disclosed that the statistical significance may be attributed to the differences 
between black and coloured participants of low physical activity as well as the differences 
between coloured individuals which are of low- and moderate levels of physical activity. Further 
testing for practical significance indicated that the above differences were considered to be of 
high practical significance (d > 0.8). This is largely due to the observable fact that the relatively 
inactive coloured population group yielded the lowest pressure values under the forefoot region, 
whereas the relatively inactive black subgroup as well as moderately active coloured subgroup 
yielded the highest pressure values under the forefoot region.    
 
 
 
 
 
 
 
 
 
 
 
 
d.f. F p
Black-
Low
Black-
Moderat
e
Black-
High
White-
Low
White-
Moderate
White-
High
Coloured-
Low
Coloured-
Moderate
Coloured-
High
Black-Low 38 17.99 7.30 .962 .997 .190 .095 .088 .019 1.000 .351
Black-Moderate 18 15.67 6.92 N/A 1.000 .954 .935 .928 .837 .896 .963
Black-High 4 15.04 6.09 N/A N/A 1.000 1.000 1.000 .999 .986 .999
White-Low 16 12.79 4.50 N/A N/A N/A 1.000 1.000 1.000 .163 1.000
White-Moderate 22 12.84 3.64 N/A N/A N/A N/A 1.000 1.000 .096 1.000
White-High 22 12.79 1.32 N/A N/A N/A N/A N/A 1.000 .090 1.000
Coloured-Low 31 12.53 4.99 0.86 N/A N/A N/A N/A N/A .030 1.000
Coloured-Moderate 19 18.85 10.85 N/A N/A N/A N/A N/A N/A 0.82 .278
Coloured-High 10 12.49 3.29 N/A N/A N/A N/A N/A N/A N/A N/A
Mean 
(N/cm2)
S.D. 
(N/cm2)
Cohen's d                                                                    Scheffe p
.0302.76
Univariate ANOVA 
Results
4; 159
# 
participants
Ethnic-Physical 
Activity
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Table 4.56 
Inferential Statistics – Race-Physical Activity: Univariate ANOVA results from the right 
Forefoot (Pressure) (N/cm
2
) 
 
The univariate ANOVA results indicated that the right forefoot region was also found to reveal 
statistically significant differences regarding race related physical activity levels. Post-hoc 
Scheffè testing indicated the pressure differences between largely sedentary black individuals 
and the following groups to be statistically significant: moderately active white participants, 
highly active white participants and largely sedentary coloured participants (p < .05). Relatively 
sedentary coloured participants yielded statistically significant lower foot pressures than the 
moderately active coloured participants (p < .05). When these aforementioned statistical 
differences were tested using the Cohen’s d statistic they were all found to be of high practical 
significant (d > 0.8). This is again attributable to the large pressure values observed for both the 
relatively sedentary black population and the moderately active coloured population. 
4.2.6.2 Race-Physical Activity Impulse Differentials 
It has already been established in the literature that physical exertion has an impact on muscle 
activity and loading (Arndt et al., 2002: 622; Wu et al., 2007: 384; Nagel et al., 2008: 154; 
Murley et al., 2009b: 35). Of interest therefore was whether individuals partaking in different 
levels of physical exertion exhibited different impulse values under the plantar aspect of the foot 
during dynamic walking. Impulse values are inextricably linked to the pressure values exerted 
d.f. F p
Black-
Low
Black-
Moderat
e
Black-
High
White-
Low
White-
Moderate
White-
High
Coloured-
Low
Coloured-
Moderate
Coloured-
High
Black-Low 38 17.74 7.79 .913 .968 .083 .014 .025 .003 1.000 .204
Black-Moderate 18 15.24 7.46 N/A 1.000 .924 .797 .867 .728 .938 .941
Black-High 4 13.86 4.72 N/A N/A 1.000 1.000 1.000 1.000 .966 1.000
White-Low 16 12.31 4.97 N/A N/A N/A 1.000 1.000 1.000 .166 1.000
White-Moderate 22 11.95 3.35 0.89 N/A N/A N/A 1.000 1.000 .053 1.000
White-High 22 12.22 1.33 0.88 N/A N/A N/A N/A 1.000 .081 1.000
Coloured-Low 31 11.96 4.61 0.88 N/A N/A N/A N/A N/A .025 1.000
Coloured-Moderate 19 17.95 9.05 N/A N/A N/A N/A N/A N/A 0.90 .280
Coloured-High 10 12.02 3.14 N/A N/A N/A N/A N/A N/A N/A N/A
Mean 
(N/cm2)
S.D. 
(N/cm2)
Cohen's d                                                                    Scheffe p
2.76 .030
Univariate ANOVA 
Results
4; 159
# 
participants
Ethnic-Physical 
Activity
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over a given area, and these values are presented in Tables 4.57 and 4.58 below pertaining to the 
left and right feet respectively. 
Table 4.57  
Descriptive Statistics – Race-Physical Activity: Impulse values from the Left Foot (Ns/cm2) 
Race 
Physical 
Activity 
n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Black Low 38 3.45 1.38 1.01 0.66 4.45 2.26 2.97 1.22 
Black Moderate 18 3.06 1.29 0.83 0.55 3.72 1.48 2.54 0.85 
Black High 4 3.30 1.33 0.93 0.34 3.45 1.93 2.56 0.93 
White Low 16 2.75 1.10 0.83 0.67 4.32 1.44 2.63 0.95 
White Moderate 22 2.67 0.90 0.66 0.43 3.80 1.20 2.38 0.67 
White High 22 2.70 0.56 0.66 0.32 4.28 1.15 2.55 0.52 
Coloured Low 31 3.64 6.17 1.38 3.44 5.03 6.04 3.35 5.14 
Coloured Moderate 19 4.53 2.45 1.07 0.74 6.91 3.73 4.17 1.99 
Coloured High 10 2.93 1.17 1.23 1.50 4.03 2.68 2.73 1.73 
 
 
Table 4.58  
Descriptive Statistics – Race-Physical Activity: Impulse values from the Right Foot 
(Ns/cm
2
) 
Race 
Physical 
Activity 
n 
ForeFoot MidFoot Heel Foot 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Black Low 38 3.47 1.44 1.17 1.06 4.48 2.28 3.04 1.37 
Black Moderate 18 2.97 1.37 0.88 0.57 3.75 1.55 2.53 0.99 
Black High 4 3.10 0.97 0.80 0.46 3.76 1.37 2.55 0.81 
White Low 16 2.74 1.42 0.44 0.39 4.05 1.32 2.41 0.86 
White Moderate 22 2.51 0.82 0.43 0.26 3.61 1.19 2.19 0.63 
White High 22 2.61 0.52 0.39 0.24 3.95 0.88 2.32 0.39 
Coloured Low 31 2.51 1.25 0.83 1.00 3.95 2.12 2.43 1.25 
Coloured Moderate 19 4.43 2.01 1.35 1.40 8.53 10.22 4.77 3.82 
Coloured High 10 2.96 1.36 1.35 1.87 3.80 2.06 2.70 1.62 
 
It is apparent from the tables above that the relatively inactive black subgroup as well as the 
moderately active coloured subgroup presented the largest impulse values under each region of 
the foot. The lowest impulse values, on the other hand, were ascribed to the following subgroups: 
moderately active white individuals, highly active white individuals and relatively inactive 
coloured individuals. These values are graphically presented in Figures 4.12 and 4.13 to provide 
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greater insight into the maximum and minimum impulse values obtained by each race group 
relative to their respective level of physical activity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13 
Race-Physical activity distribution - Summarized impulse values and Standard 
Deviations of the Left Foot 
 
 
 
 
 
 
 
FIGURE 4.22 
ETHNIC-PHYSICAL ACTIVITY DISTRIBUTION - SUMMARIZED IMPULSE VALUES OF 
THE LEFT FOOT 
 
 
Figure 4.14 
Race-Physical activity distribution - Summarized impulse values and Standard 
Deviations of the Right Foot 
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It can clearly be observed that, of the three regions of either foot, the heel regions yielded the 
highest impulse values, closely followed by those of the forefoot region. It is also observable 
from the above figures that the midfoot yielded considerably lower impulse values. The 
statistical and practical implications of these are discussed in the text below, with specific 
reference to Tables 4.59 to 4.60. 
Table 4.59  
Descriptive Statistics – Race-Physical Activity: Univariate ANOVA results from the Right 
Forefoot (Impulse) (Ns/cm
2
) 
 
Statistical significance for the right forefoot was indicated by the univariate ANOVA test (p < 
.05). The Scheffè test revealed statistically significant differences between moderately active 
coloured participants and the following subgroups: sedentary white, moderately active white, 
highly active white and sedentary coloured participants (p < .05). This prompted testing for 
practical significance which was found to be highly significant, particularly for the differences 
between moderately active coloured participants, sedentary white, moderately active white, 
highly active white and sedentary coloured population groups. This indicated that the right 
forefoot may have played a determining role in the impulse values obtained between the race 
groups and the level of physical activity. 
As has been alluded to previously in the text, the reason impulse values of the forefoot are 
considered to be of importance is because it indicates the degree of pronation or supination 
occurring at the subtalar joint and may reveal the presence of either a high-arched or low-arched 
d.f. F p
Black-
Low
Black-
Moderate
Black-
High
White-Low
White-
Moderate
White-
High
Coloured-
Low
Coloured-
Moderate
Coloured-
High
Black-Low 38 3.47 1.44 .968 1.000 .803 .294 .465 .174 .381 .992
Black-Moderate 18 2.97 1.37 N/A 1.000 1.000 .991 .999 .987 .073 1.000
Black-High 4 3.10 0.97 N/A N/A 1.000 .999 1.000 .999 .823 1.000
White-Low 16 2.74 1.42 N/A N/A N/A 1.000 1.000 1.000 .022 1.000
White-Moderate 22 2.51 0.82 N/A N/A N/A N/A 1.000 1.000 .001 .998
White-High 22 2.61 0.52 N/A N/A N/A N/A N/A 1.000 .003 1.000
Coloured-Low 31 2.51 1.25 N/A N/A N/A N/A N/A N/A .000 .997
Coloured-Moderate 19 4.43 2.01 N/A N/A N/A 0.96 1.28 1.28 1.21 .241
Coloured-High 10 2.96 1.36 N/A N/A N/A N/A N/A N/A N/A N/A
Cohen's d                                                                    Scheffe p
Univariate ANOVA 
ResultsMean 
(Ns/cm2)
S.D. 
(Ns/cm2)
4.30 .0024; 159
# 
participants
Ethnic-Physical Activity
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foot structure. Pronation results in an unlocking of the midtarsal bones therefore creating a 
hypermobile foot resulting in greater midfoot and forefoot contact (Donatelli, 1985: 93; Prentice, 
2009: 545). This is both normal and necessary as it allows the foot to absorb the large ground 
reaction forces during gait. It only becomes problematic when the foot over-pronates. 
Conversely, supination is important as it creates a rigid lever for muscle contraction especially 
during the toe-off phase of gait. Under-pronation (over-supination) would create an excessively 
rigid foot, resulting in less pressure over the midfoot and more pressure over the heel and 
forefoot regions of the foot. The superincumbent bones and joints such as the tibia, knee and hip 
would therefore have to compensate for the large ground reaction forces which may lead to 
injury (Prentice, 2009: 645).  
High arched and low arched individuals appear to be at greater risk of developing lower 
extremity overuse injuries, especially in sport (Dahle et al., 1991: 72; Nielsen et al., 2009: 29). 
Large impulse values are therefore indicative of pressures being exerted over a specific structure 
or region for a greater period of time than intended, therefore making an individual more 
susceptible to injury depending on the magnitude of the pressure and impulse.  
In the case of the forefoot, the largest values were observed for the moderately active coloured 
population group, yielding values of 4.43 Ns/cm
2
 (S.D. ± 2.01). This indicates that, relative to all 
other race-physical activity subgroups, pressures were exerted for a greater period of time over 
this region of the foot. Conversely, the lowest impulse values were obtained jointly by the 
moderately active white participants as well as coloured participants of low physical activity 
levels. 
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Table 4.60 
Descriptive Statistics – Race-Physical Activity: Univariate ANOVA results from the Right 
Heel (Impulse) (Ns/cm
2
) 
 
Statistical significance was also indicated for race-physical activity subgroups in the heel region 
of the foot (p < .05), with Scheffè testing showing significant differences especially for the 
moderately active coloured population (p < .05). Further evaluation revealed that small to 
moderate levels of practical significance were present. It is apparent from Table 4.60 above that 
the moderately active coloured group yielded the highest impulse values of 8.53 (± 10.22) 
Ns/cm
2
 which were 90.40% greater than the second largest value of 4.48 (± 2.28) Ns/cm
2
 
belonging to the predominantly inactive black population.   
The heel region is the precursor for the unlocking mechanism of the foot and comes into play at 
the instant that heel contact is made during gait. Under normal circumstances heel contacts is 
made more laterally due to the biomechanical characteristics of the foot, ankle and knee during 
gait (Prentice, 2009: 645). Those with pes planus or flat foot structures however tend to make 
more medial heel contact during heel strike, therefore possibly leading to over-pronation and 
increased midfoot pressure-time integrals (Morag & Cavanagh, 1999: 367; Scott, et al., 2007: 
73; Prentice, 2009: 584). This was evident especially for the coloured population groups, 
particularly those of moderate physical activity levels (see Table 4.60). 
 
 
d.f. F p
Black-
Low
Black-
Moderate
Black-
High
White-Low
White-
Moderate
White-
High
Coloured-
Low
Coloured-
Moderate
Coloured-
High
Black-Low 38 4.48 2.28 1.000 1.000 1.000 .999 1.000 1.000 .049 1.000
Black-Moderate 18 3.75 1.55 N/A 1.000 1.000 1.000 1.000 1.000 .045 1.000
Black-High 4 3.76 1.37 N/A N/A 1.000 1.000 1.000 1.000 .670 1.000
White-Low 16 4.05 1.32 N/A N/A N/A 1.000 1.000 1.000 .107 1.000
White-Moderate 22 3.61 1.19 N/A N/A N/A N/A 1.000 1.000 .019 1.000
White-High 22 3.95 0.88 N/A N/A N/A N/A N/A 1.000 .042 1.000
Coloured-Low 31 3.95 2.12 N/A N/A N/A N/A N/A N/A .019 1.000
Coloured-Moderate 19 8.53 10.22 0.65 0.65 N/A N/A 0.70 0.66 0.70 .195
Coloured-High 10 3.80 2.06 N/A N/A N/A N/A N/A N/A N/A N/A
Univariate ANOVA 
Results
4; 159
Mean 
(Ns/cm2)
S.D. 
(Ns/cm2)
Cohen's d                                                                    Scheffe p
2.81 .027
# 
participants
Ethnic-Physical Activity
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Table 4.61 
Descriptive Statistics – Race-Physical Activity: Univariate ANOVA results from the Right 
Foot (Impulse) (Ns/cm
2
) 
 
Table 4.61 above reflects the mean impulse values under all regions of the right foot for the race-
physical activity subgroups, and depicts statistically significant differences indicated by the 
univariate ANOVA test (p < .05). Inter-group statistically significant differences were also found 
to be present between the moderately active coloured group and several other groups, including: 
relatively sedentary black individuals, moderately active black individuals, relatively sedentary 
white individuals, moderately active white individuals, highly active white individuals, and 
relatively sedentary coloured individuals. Practical significance levels were found to be moderate 
between moderately active coloured participants and inactive black participants as well as 
between moderately active coloured participants and moderately active black participants. 
Practical significance levels were found to be of higher significance (d > 0.8) between 
moderately active coloured participants and the following subgroups: inactive white, moderately 
active white, highly active white and inactive coloured.  
Moderately active coloured participants presented the highest impulse values in the right foot 
overall (4.77 ± 3.82 Ns/cm
2
), followed closely by black participants categorised in the minimally 
active group (3.04 ± 1.37 Ns/cm
2
). The lowest impulse values on the other hand, were observed 
in the white population groups of low, moderate and high levels of physical activity (2.41 ± 0.86 
Ns/cm
2
, 2.19 ± 0.63 Ns/cm
2
 and 2.32 ± 0.39 respectively Ns/cm
2
) as well as the coloured 
d.f. F p
Black-
Low
Black-
Moderate
Black-
High
White-Low
White-
Moderate
White-
High
Coloured-
Low
Coloured-
Moderate
Coloured-
High
Black-Low 38 3.04 1.37 .994 1.000 .980 .799 .913 .942 .036 1.000
Black-Moderate 18 2.53 0.99 N/A 1.000 1.000 1.000 1.000 1.000 .011 1.000
Black-High 4 2.55 0.81 N/A N/A 1.000 1.000 1.000 1.000 .509 1.000
White-Low 16 2.41 0.86 N/A N/A N/A 1.000 1.000 1.000 .008 1.000
White-Moderate 22 2.19 0.63 N/A N/A N/A N/A 1.000 1.000 .000 .999
White-High 22 2.32 0.39 N/A N/A N/A N/A N/A 1.000 .001 1.000
Coloured-Low 31 2.43 1.25 N/A N/A N/A N/A N/A N/A .001 1.000
Coloured-Moderate 19 4.77 3.82 0.70 0.79 N/A 0.82 0.98 0.94 0.92 .137
Coloured-High 10 2.70 1.62 N/A N/A N/A N/A N/A N/A N/A N/A
3.93 .005
t-test Statistic
4; 159
Mean 
(Ns/cm2)
S.D. 
(Ns/cm2)
Cohen's d                                                                    Scheffe p
# 
participants
Ethnic-Physical Activity
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population group of low physical activity levels (2.43 ± 1.25 Ns/cm
2
). These differences were all 
considered to be of large practical significance as indicated by the Cohen’s d statistic. 
Wu et al. (2007: 384) as well as Nagel et al. (2008: 153) found that pressure and impulse values 
were significantly impacted over the forefoot and midfoot regions immediately after a running 
event compared to before the event. Although this particular study did not compare pre- and 
post-activity values it did investigate whether simply participating in physical activity influenced 
the plantar pressure or impulse values. It is evident from the tables above that, relative to the race 
of the participant and the level of physical activity, plantar pressure and impulse values were 
influenced expressly under the entire foot as well as the various regions of the foot. 
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4.3 NORMATIVE DATA 
 4.3.1 Gender 
The data that has been gathered, assessed and analysed has been used to establish normative data 
in the form of stanine tables for each of the respective gender groups. This will allow clinicians 
to evaluate and rate the pressure and impulse values generated by individuals, thereby allowing 
for better assessment of the values generated. Table 4.62 indicates the pressure values for males 
and females respectively for each of the specific stanine categorizations. Each stanine rating 
represents the limit between one rating and another, therefore, in order to score a higher rating 
one would have to obtain a higher score than that set by the specific stanine cut-off. For example, 
values between 8.13 N/cm
2 
and 9.99 N/cm
2
, pertaining to toe-1 for males, would be considered 
“average” whereas values greater than 7.54 N/cm2 for the lateral toes (toe 2-5) would be 
considered “extremely high”.  
Table 4.62 
Reference value Stanine Tables According to Gender Discriminate Pressure Values (N/cm
2
) 
for the different areas from the Left and Right Feet (Male) 
DPL:Toe 1
DPL:Toe 2-5
DPL:Meta 1
DPL:Meta 2
DPL:Meta 3
DPL:Meta 4
DPL:Meta 5
DPL:Midfoot
DPL:Heel Medial
DPL:Heel Lateral
DPR:Toe 1
DPR:Toe 2-5
DPR:Meta 1
DPR:Meta 2
DPR:Meta 3
DPR:Meta 4
DPR:Meta 5
DPR:Midfoot
DPR:Heel Medial
DPR:Heel Lateral
28.317 51.920
6.348 8.160 10.599 14.178 15.818 20.450 22.763 26.952
7.733 10.534 13.718 16.752 20.590 24.160
9.676 11.579
0.724 1.071 1.569 2.126 2.850 3.765 4.419 12.557
1.761 2.188 3.395 4.104 6.410 7.625
26.880 31.383
5.147 7.750 8.850 10.978 13.362 15.265 18.107 23.869
8.105 11.026 14.794 18.968 22.296 24.097
19.583 26.965
7.475 10.510 14.463 17.654 19.664 24.068 28.964 38.074
4.115 4.800 6.889 8.224 11.874 17.662
21.297 28.604
0.466 0.550 1.198 2.136 2.630 3.707 4.832 6.380
2.961 4.478 5.970 8.726 12.028 15.372
28.600 44.348
6.218 8.259 11.519 13.954 16.472 21.242 23.970 36.570
7.911 9.710 14.389 17.590 22.004 26.453
12.911 14.763
1.027 1.345 1.929 2.714 3.434 4.610 6.728 10.012
1.420 2.936 3.918 4.950 6.590 8.857
31.280 35.570
6.476 8.116 11.700 13.994 15.988 18.200 22.587 25.593
9.788 14.859 17.629 21.042 24.056 28.120
18.265 25.211
8.256 11.549 13.092 15.728 20.616 23.774 27.208 32.099
3.627 4.558 5.915 7.420 11.388 14.210
33.702
0.281 0.448 0.815 1.416 2.270 2.966 4.780 7.454
High
Very
High
Extremely
High
2.440 4.277 6.166 8.128 9.994 14.171 20.053
Male
LOW AVERAGE HIGH
Extremely
Low
Very
Low
Low
Below
Average
Average
Above
Average
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Table 4.63 
Reference value Stanine Tables According to Gender Discriminate Pressure Values (N/cm
2
) 
for the different areas from the Left and Right Feet (Female) 
DPL:Toe 1
DPL:Toe 2-5
DPL:Meta 1
DPL:Meta 2
DPL:Meta 3
DPL:Meta 4
DPL:Meta 5
DPL:Midfoot
DPL:Heel Medial
DPL:Heel Lateral
DPR:Toe 1
DPR:Toe 2-5
DPR:Meta 1
DPR:Meta 2
DPR:Meta 3
DPR:Meta 4
DPR:Meta 5
DPR:Midfoot
DPR:Heel Medial
DPR:Heel Lateral
38.415 48.648
9.082 12.174 13.864 16.478 18.886 23.157 24.906 30.942
13.588 14.586 17.743 20.098 23.980 31.344
16.607 28.086
0.573 0.866 1.446 2.292 3.824 4.465 6.223 9.151
1.516 2.051 3.608 4.872 7.026 9.876
41.070 49.456
4.199 6.112 8.150 11.560 15.988 22.386 29.764 37.816
9.917 11.353 15.628 20.740 25.666 31.908
26.930 31.456
10.230 14.571 18.097 21.942 26.904 32.495 42.674 50.951
5.758 7.278 9.580 12.686 15.340 18.441
33.157 44.833
0.288 0.690 1.324 2.194 3.674 5.010 8.475 12.240
4.238 6.751 8.783 12.470 16.408 22.178
30.835 39.550
10.926 12.667 15.638 18.374 23.532 26.555 33.448 40.078
12.147 13.970 17.111 20.116 23.634 26.680
21.016 37.178
0.820 1.380 2.074 3.180 4.018 5.001 6.047 9.074
1.723 2.660 4.814 6.532 8.764 13.307
46.413 53.626
5.747 7.817 10.342 14.026 19.604 26.416 32.461 38.734
10.998 13.775 18.398 25.702 31.092 38.237
21.266 28.072
7.959 13.905 16.591 20.102 25.732 31.349 38.726 43.923
4.540 5.530 8.460 10.762 13.550 18.303
49.065
0.250 0.860 1.134 1.870 2.942 4.291 6.065 8.885
High
Very
High
Extremely
High
2.484 5.052 8.394 11.690 16.282 21.333 34.449
Female
LOW AVERAGE HIGH
Extremely
Low
Very
Low
Low
Below
Average
Average
Above
Average
 
DPL = Pressure values of Left foot  DPR = Pressure values of Left foot 
 
Larger pressure values, presented on the right side of the stanine tables, may indicate that the 
individual is at a higher risk of injury. The clinician would therefore have to investigate the 
possible cause of yielding higher values by conducting a thorough assessment regarding the 
biomechanics and anatomical structures of the individual. Exercise intervention, postural 
corrections, use of orthotics, change of shoe wear or rehabilitation are all strategies that could be 
employed so as to minimise these pressures. A foot pressure reassessment could therefore 
indicate the successes or failures of the abovementioned strategies and ultimately guide the 
clinician to the more appropriate course of action. 
Gender-specific stanine categories were also established regarding impulse values. This allows 
for rating of the obtained values into low, average and high categories depending on the stanine 
score attained as indicated in Table 4.63 below.  
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Table 4.64 
Reference value Stanine Tables According to Gender Discriminate Impulse Values 
(Ns/cm
2
) for the different areas from the Left and Right Feet (Male) 
DML:Toe 1
DML:Toe 2-5
DML:Meta 1
DML:Meta 2
DML:Meta 3
DML:Meta 4
DML:Meta 5
DML:MidFoot
DML:Heel Medial
DML:Heel Lateral
DMR:Toe 1
DMR:Toe 2-5
DMR:Meta 1
DMR:Meta 2
DMR:Meta 3
DMR:Meta 4
DMR:Meta 5
DMR:Midfoot
DMR:Heel Medial
DMR:Heel Lateral
6.621 10.647
1.156 1.577 2.000 2.796 3.288 4.205 4.931 7.980
1.389 1.953 2.545 3.280 4.250 5.284
2.305 3.157
0.126 0.200 0.300 0.480 0.640 0.855 1.616 3.109
0.367 0.540 0.810 1.026 1.513 2.056
7.320 8.630
1.188 1.840 2.180 2.876 3.476 4.400 5.420 6.890
1.558 2.410 3.699 4.436 5.340 6.106
4.627 7.941
1.260 2.375 3.212 3.728 4.630 5.531 6.706 8.796
0.792 1.086 1.480 1.766 2.734 3.711
3.498 5.444
0.028 0.050 0.140 0.230 0.334 0.511 0.794 1.531
0.350 0.622 0.965 1.364 2.010 2.555
7.757 10.608
1.121 1.430 2.019 2.678 3.590 4.390 6.709 8.921
1.440 1.820 2.580 3.408 4.554 5.740
3.200 4.266
0.186 0.300 0.409 0.570 0.870 1.100 1.631 2.671
0.376 0.586 0.874 1.166 1.550 2.432
7.468 9.027
1.422 1.910 2.618 3.308 3.868 4.681 6.202 6.860
1.922 3.001 3.967 4.628 5.898 6.602
4.335 8.112
1.644 2.239 2.884 3.640 4.340 5.651 6.631 8.851
0.672 0.926 1.185 1.802 2.438 3.124
6.166
0.010 0.038 0.095 0.140 0.290 0.455 0.827 1.446
High
Very
High
Extremely
High
0.331 0.611 0.890 1.190 1.636 2.458 3.328
Male
LOW AVERAGE HIGH
Extremely
Low
Very
Low
Low
Below
Average
Average
Above
Average
 
Table 4.65 
Reference value Stanine Tables According to Gender Discriminate Impulse Values 
(Ns/cm
2
) for the different areas from the Left and Right Feet (Female) 
DML:Toe 1
DML:Toe 2-5
DML:Meta 1
DML:Meta 2
DML:Meta 3
DML:Meta 4
DML:Meta 5
DML:MidFoot
DML:Heel Medial
DML:Heel Lateral
DMR:Toe 1
DMR:Toe 2-5
DMR:Meta 1
DMR:Meta 2
DMR:Meta 3
DMR:Meta 4
DMR:Meta 5
DMR:Midfoot
DMR:Heel Medial
DMR:Heel Lateral
8.268 10.852
1.791 2.357 2.749 3.272 3.968 4.540 5.151 6.635
2.766 2.908 3.408 4.288 5.462 6.935
3.328 5.969
0.100 0.160 0.265 0.446 0.786 1.075 1.569 2.578
0.290 0.404 0.735 1.096 1.714 2.332
8.657 9.547
1.070 1.388 2.018 2.816 3.542 4.972 5.839 7.130
1.892 2.646 3.504 4.540 5.494 7.295
5.824 6.624
1.740 2.777 3.400 4.386 5.164 7.142 9.126 10.798
1.020 1.441 1.914 2.158 2.872 3.768
4.748 7.755
0.020 0.084 0.160 0.230 0.438 0.650 1.113 1.570
0.501 0.996 1.270 2.032 2.670 3.644
6.458 9.824
2.065 2.409 2.890 3.842 4.634 6.232 7.580 8.564
2.389 2.826 3.568 4.206 4.774 5.582
4.136 8.080
0.121 0.228 0.389 0.618 0.870 1.196 1.562 2.032
0.341 0.660 0.859 1.302 2.268 3.311
9.902 11.524
1.328 1.763 2.352 3.238 4.410 5.496 6.785 7.404
2.052 2.908 3.677 5.500 6.354 7.743
4.224 5.697
1.560 2.845 3.319 4.088 4.896 6.025 8.114 8.952
0.754 1.166 1.549 1.944 2.440 3.152
7.896
0.016 0.070 0.120 0.200 0.358 0.541 0.788 1.204
High
Very
High
Extremely
High
0.340 0.697 1.215 1.708 2.390 3.191 5.445
Female
LOW AVERAGE HIGH
Extremely
Low
Very
Low
Low
Below
Average
Average
Above
Average
 
DML = Impulse values of Left foot  DMR = Impulse values of Right foot 
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Stanine categorisations for impulse values function in the same manner as those stated for 
pressure values. With reference to female participants for example, values pertaining to the great 
toe (toe 1) between 1.71Ns/cm
2
 and 2.39 Ns/cm
2
 would be rated as “average”, whereas values 
greater than 1.20 Ns/cm
2
 for the lateral toes (toe 2-5) would be considered “extremely high”.   
 
4.3.2 Race 
Race-specific pressure and impulse values were used to establish normative data according to 
specific stanine categories. Stanine categorizations pertaining to pressure values are represented 
in Table 4.64 whereas stanine categorizations for impulse values are referenced in Table 4.65 
below for each of the three race groups, namely African black, coloured and white participants 
respectively. 
 
Table 4.66 
Reference value Stanine Tables According to Race Discriminate Pressure Values (N/cm
2
) 
for the different areas from the Left and Right Feet (African black) 
DPL:Toe 1
DPL:Toe 2-5
DPL:Meta 1
DPL:Meta 2
DPL:Meta 3
DPL:Meta 4
DPL:Meta 5
DPL:Midfoot
DPL:Heel Medial
DPL:Heel Lateral
DPR:Toe 1
DPR:Toe 2-5
DPR:Meta 1
DPR:Meta 2
DPR:Meta 3
DPR:Meta 4
DPR:Meta 5
DPR:Midfoot
DPR:Heel Medial
DPR:Heel Lateral
38.125 39.289
7.632 8.947 12.189 14.370 17.174 22.917 24.425 30.378
10.190 11.904 14.511 18.236 24.064 31.313
22.100 28.934
1.515 1.754 2.174 3.016 4.014 5.155 6.956 9.297
2.309 3.474 4.094 6.536 8.394 13.206
45.555 50.692
6.821 7.939 10.496 15.018 18.762 24.809 30.688 39.746
10.808 12.889 18.400 22.238 28.244 37.609
27.536 31.536
10.363 11.636 16.844 19.778 23.956 36.478 48.301 52.496
4.658 5.670 7.640 10.962 13.672 18.444
32.052 39.359
0.335 0.618 1.440 2.232 3.410 4.559 8.496 11.552
3.884 4.790 7.935 12.232 16.086 20.743
28.960 32.064
6.936 9.416 11.810 15.568 22.178 26.454 33.760 38.295
8.433 12.033 13.999 17.162 21.260 25.073
21.139 31.982
1.369 1.726 2.427 3.094 3.880 4.723 6.235 9.132
3.301 4.104 5.045 8.420 12.716 16.774
46.560 52.922
8.450 11.832 14.458 17.258 22.702 29.819 33.356 36.970
14.619 16.284 19.624 25.366 30.878 41.206
19.872 24.095
10.116 12.038 14.616 19.770 23.260 32.669 39.656 44.047
4.557 5.560 7.033 9.326 11.942 16.307
41.663
0.333 0.770 1.066 1.702 2.932 4.947 6.616 9.201
High
Very
High
Extremely
High
2.664 3.959 6.224 8.872 14.498 23.431 33.458
Black
LOW AVERAGE HIGH
Extremely
Low
Very
Low
Low
Below
Average
Average
Above
Average
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Table 4.67 
Reference value Stanine Tables According to Race Discriminate Pressure Values (N/cm
2
) 
for the different areas from the Left and Right Feet (coloured) 
DPL:Toe 1
DPL:Toe 2-5
DPL:Meta 1
DPL:Meta 2
DPL:Meta 3
DPL:Meta 4
DPL:Meta 5
DPL:Midfoot
DPL:Heel Medial
DPL:Heel Lateral
DPR:Toe 1
DPR:Toe 2-5
DPR:Meta 1
DPR:Meta 2
DPR:Meta 3
DPR:Meta 4
DPR:Meta 5
DPR:Midfoot
DPR:Heel Medial
DPR:Heel Lateral
51.516 57.058
5.760 8.310 11.770 14.436 16.422 21.099 26.111 43.335
6.230 12.259 14.511 17.796 20.828 30.853
11.148 14.108
0.672 0.850 1.451 2.370 3.442 4.200 5.910 18.959
1.800 2.047 3.943 4.650 5.740 7.730
28.331 39.224
2.800 6.708 9.061 11.508 14.444 17.580 22.830 30.588
4.793 10.130 13.651 20.142 23.416 26.293
26.081 30.594
7.430 10.444 15.180 18.640 22.804 28.948 34.051 40.688
4.404 5.633 6.700 8.820 12.840 17.639
30.078 44.801
0.470 0.490 1.121 1.872 2.896 4.261 6.211 10.892
3.318 4.520 6.321 9.764 13.064 21.771
39.690 52.464
6.240 9.036 12.654 15.438 19.202 23.610 34.278 40.660
7.900 10.894 14.830 18.028 23.950 28.041
14.377 31.573
0.698 0.928 1.731 2.976 4.046 5.350 7.698 11.900
0.890 2.079 3.869 5.268 6.846 9.594
35.178 46.368
4.340 7.028 8.980 12.090 15.616 19.410 23.950 36.196
8.970 12.660 14.769 19.286 25.424 29.249
20.769 29.834
7.780 10.570 13.947 17.306 22.500 25.870 31.871 39.538
3.611 4.498 5.997 8.496 13.480 15.375
50.987
0.250 0.625 1.139 1.984 2.626 4.021 4.780 9.421
High
Very
High
Extremely
High
2.300 4.243 8.260 10.764 13.526 21.823 35.335
Coloured
LOW AVERAGE HIGH
Extremely
Low
Very
Low
Low
Below
Average
Average
Above
Average
 
Table 4.68 
Reference value Stanine Tables According to Race Discriminate Pressure Values (N/cm
2
) 
for the different areas from the Left and Right Feet (white) 
DPL:Toe 1
DPL:Toe 2-5
DPL:Meta 1
DPL:Meta 2
DPL:Meta 3
DPL:Meta 4
DPL:Meta 5
DPL:Midfoot
DPL:Heel Medial
DPL:Heel Lateral
DPR:Toe 1
DPR:Toe 2-5
DPR:Meta 1
DPR:Meta 2
DPR:Meta 3
DPR:Meta 4
DPR:Meta 5
DPR:Midfoot
DPR:Heel Medial
DPR:Heel Lateral
26.167 29.560
10.367 12.414 14.418 16.022 18.186 21.160 22.720 25.782
13.444 14.825 16.985 19.776 21.518 23.429
7.841 10.022
0.398 0.819 0.987 1.570 2.194 2.689 3.481 4.321
1.434 1.760 2.186 3.412 5.250 6.690
26.540 32.026
3.943 5.723 7.634 8.710 11.448 13.556 15.198 16.297
7.622 12.346 15.727 18.284 21.510 23.542
19.520 23.464
8.095 13.780 15.659 18.586 22.616 26.205 29.868 32.674
4.031 7.252 9.093 11.596 14.884 17.787
19.195 22.380
0.579 1.014 1.467 2.194 2.778 3.982 5.717 6.501
4.171 5.914 7.614 10.316 13.196 15.904
28.322 31.877
11.364 12.432 14.821 16.654 18.754 21.534 24.453 25.898
13.180 15.828 18.872 21.448 24.244 25.718
9.118 11.104
1.158 1.419 1.687 2.472 3.344 4.234 5.627 7.452
1.733 2.449 3.304 5.018 5.688 7.307
33.061 38.386
6.474 7.568 10.601 13.120 15.150 16.868 18.913 23.432
8.804 14.948 18.883 23.448 26.166 31.065
20.890 22.685
8.503 13.193 16.150 18.478 21.984 24.683 27.552 29.036
4.094 5.483 6.864 10.142 12.560 15.999
19.028
0.270 0.379 0.816 1.250 2.426 3.079 4.725 6.858
High
Very
High
Extremely
High
2.547 4.885 6.894 8.380 11.144 14.717 17.281
White
LOW AVERAGE HIGH
Extremely
Low
Very
Low
Low
Below
Average
Average
Above
Average
 
DPL = Pressure values for Left foot  DPR = Pressure values for Right foot 
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Impulse values provide greater insight regarding the time frame over which pressures act on a 
specific anatomical structure. Race-specific differences were found to be true and therefore 
necessitate race-specific normative data to enable clinicians to make accurate and reliable 
assessments and diagnoses.  
Impulse values are useful on two fronts. Firstly, higher values reveal either that a large amount of 
pressure has been exerted over a given time period, or, that a given amount of pressure has been 
exerted for a longer period of time. Either scenario may be favourable or unfavourable 
depending on the magnitude and location of the value during the various phases of gait. The heel 
region usually experiences larger impulse values due to the pressures exerted during heel strike, 
thus large impulse values are attributed to the large pressure values. The midfoot experiences 
low impulse values due to the unique structure of the medial longitudinal arch (MLA), which not 
only minimises the pressure exerted under the midfoot, but also causes rapid acceleration of the 
center of gravity as the foot pronates (Prentice, 2009: 575).  Finally, the forefoot experiences 
larger impulse values due to the large pressures exerted during toe-off as the foot becomes a rigid 
lever to allow for effective propulsion. Excessively high values may therefore reveal a more 
supinated foot structure if values are excessively high in the heel or forefoot regions, or a more 
pronated foot structure if the values are excessively high in the midfoot region. Pressure and 
impulse values fluctuate persistently, therefore necessitating the establishment of normative data 
to an even greater extent.  
The second point of interest pertaining to impulse values is that excessively low values may also 
be favourable or unfavourable depending on the location and phase of gait. Favourably low 
impulse values would be expected under the midfoot region due to the rapid acceleration of the 
center of gravity as a result of the structure of the MLA and unlocking of the midtarsal joints. 
This aids the foot in minimising the ground reaction forces and increase the shock-absorbing 
qualities of the foot. Excessively low impulse values under the heel region would indicate that 
the individual may not be experiencing effective heel-strike, possibly due to insufficient amounts 
of dorsiflexion of the foot related to tight calf musculature, and may therefore be loading the 
midfoot and forefoot regions to a greater extent. This may indicated the need for a more 
comprehensive evaluation by the clinician so as to determine the underlying cause if any of the 
values fall excessive above or below the normal values obtained.     
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Normative data regarding impulse values for each of the three different race groups has been 
established to appropriately classify individuals. It therefore enables clinicians to identify 
individuals that fall either above, within or below these norms and therefore make appropriate 
recommendations. These values are presented in Table 4.65 below. 
Table 4.69 
Reference value Stanine Tables According to Race Discriminate Impulse Values (Ns/cm
2
) 
for the different areas from the Left and Right Feet (African black) 
DML:Toe 1
DML:Toe 2-5
DML:Meta 1
DML:Meta 2
DML:Meta 3
DML:Meta 4
DML:Meta 5
DML:MidFoot
DML:Heel Medial
DML:Heel Lateral
DMR:Toe 1
DMR:Toe 2-5
DMR:Meta 1
DMR:Meta 2
DMR:Meta 3
DMR:Meta 4
DMR:Meta 5
DMR:Midfoot
DMR:Heel Medial
DMR:Heel Lateral
8.196 9.419
1.434 1.780 2.069 2.940 3.568 4.643 5.100 5.811
1.673 2.279 2.581 3.716 5.462 6.812
3.802 6.073
0.274 0.405 0.506 0.680 0.944 1.407 1.997 2.618
0.525 0.755 1.016 1.571 2.087 2.582
8.852 9.290
1.553 1.860 2.669 3.184 4.612 5.552 6.528 7.180
2.271 2.563 3.827 4.878 5.908 7.743
5.619 6.272
1.790 2.745 3.440 3.880 4.982 6.730 9.733 11.115
0.937 1.355 1.543 2.038 2.762 3.844
4.448 6.754
0.024 0.055 0.141 0.246 0.398 0.654 1.055 1.502
0.437 0.664 1.066 1.651 2.330 3.139
5.865 7.288
1.385 1.789 2.137 3.022 4.402 6.063 7.205 8.360
1.602 2.045 2.591 3.272 4.444 5.059
4.091 7.184
0.240 0.340 0.526 0.776 0.908 1.257 1.570 2.404
0.691 0.855 1.123 2.098 2.776 3.592
9.905 11.239
1.885 2.544 3.086 3.882 4.944 5.914 6.967 8.067
2.582 3.460 4.164 5.350 6.444 7.684
4.137 5.245
1.850 2.400 2.959 3.838 4.610 6.176 8.120 8.858
0.789 0.984 1.366 1.928 2.284 2.882
7.459
0.017 0.080 0.121 0.156 0.294 0.542 0.950 1.206
High
Very
High
Extremely
High
0.340 0.569 0.855 1.208 1.878 2.942 4.953
Black
LOW AVERAGE HIGH
Extremely
Low
Very
Low
Low
Below
Average
Average
Above
Average
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Table 4.70 
Reference value Stanine Tables According to Race Discriminate Impulse Values (Ns/cm
2
) 
for the different areas from the Left and Right Feet (coloured) 
DML:Toe 1
DML:Toe 2-5
DML:Meta 1
DML:Meta 2
DML:Meta 3
DML:Meta 4
DML:Meta 5
DML:MidFoot
DML:Heel Medial
DML:Heel Lateral
DMR:Toe 1
DMR:Toe 2-5
DMR:Meta 1
DMR:Meta 2
DMR:Meta 3
DMR:Meta 4
DMR:Meta 5
DMR:Midfoot
DMR:Heel Medial
DMR:Heel Lateral
10.715 15.918
0.950 1.620 2.413 3.114 3.866 4.617 5.753 8.880
1.050 2.374 2.906 4.082 5.044 7.268
2.555 4.286
0.120 0.165 0.270 0.534 0.764 1.199 2.175 4.967
0.380 0.430 0.780 1.058 1.586 2.160
8.047 10.335
0.750 1.519 2.163 3.078 3.758 4.927 6.297 7.484
1.050 2.489 2.840 4.544 5.470 6.618
6.410 8.895
1.470 2.424 3.383 4.120 5.144 6.570 8.621 10.202
0.962 1.050 1.543 1.920 2.666 4.257
5.521 7.839
0.020 0.035 0.128 0.221 0.462 0.609 1.233 1.910
0.440 0.782 1.091 1.792 2.369 3.630
10.190 14.114
1.130 1.474 2.387 3.122 4.402 7.296 8.506 11.523
1.440 2.085 2.841 3.908 5.220 6.856
4.242 8.189
0.100 0.155 0.347 0.588 0.912 1.279 1.865 3.504
0.150 0.444 0.813 1.152 1.850 2.396
8.926 18.404
0.770 1.523 2.140 3.232 4.110 5.160 6.256 8.997
1.580 2.900 3.687 4.442 6.010 6.830
6.100 9.236
1.560 2.431 3.133 3.962 5.114 6.072 7.870 10.217
0.596 1.110 1.416 1.944 2.588 3.504
10.794
0.015 0.055 0.111 0.242 0.374 0.532 1.018 1.499
High
Very
High
Extremely
High
0.387 0.637 1.190 1.842 2.358 3.234 6.212
Coloured
LOW AVERAGE HIGH
Extremely
Low
Very
Low
Low
Below
Average
Average
Above
Average
 
Table 4.71 
Reference value Stanine Tables According to Race Discriminate Impulse Values (Ns/cm
2
) 
for the different areas from the Left and Right Feet (white) 
DML:Toe 1
DML:Toe 2-5
DML:Meta 1
DML:Meta 2
DML:Meta 3
DML:Meta 4
DML:Meta 5
DML:MidFoot
DML:Heel Medial
DML:Heel Lateral
DMR:Toe 1
DMR:Toe 2-5
DMR:Meta 1
DMR:Meta 2
DMR:Meta 3
DMR:Meta 4
DMR:Meta 5
DMR:Midfoot
DMR:Heel Medial
DMR:Heel Lateral
5.680 6.606
1.686 2.380 2.696 3.124 3.712 4.210 4.765 4.974
2.542 2.875 3.206 3.908 4.420 5.097
2.020 2.337
0.058 0.135 0.200 0.280 0.434 0.603 0.800 0.954
0.277 0.340 0.486 0.872 1.138 1.550
6.778 7.441
0.884 1.299 1.773 2.348 2.904 3.483 4.141 4.610
1.595 2.539 3.371 4.034 4.814 5.843
4.084 5.132
1.646 2.650 3.148 3.782 4.954 5.506 6.676 7.148
0.842 1.539 1.736 2.300 2.946 3.586
2.910 4.064
0.027 0.115 0.166 0.240 0.334 0.509 0.746 0.886
0.471 0.845 1.221 1.502 2.076 2.676
6.025 7.311
1.944 2.429 2.721 3.106 3.734 4.316 5.225 6.202
2.434 3.215 3.609 4.206 4.708 5.426
2.231 2.911
0.214 0.300 0.346 0.508 0.694 0.864 1.120 1.888
0.410 0.529 0.779 1.136 1.336 1.740
7.689 8.489
1.584 1.860 2.243 2.924 3.588 4.200 5.440 6.163
1.844 2.944 4.081 5.032 5.834 6.647
4.116 5.990
1.589 2.439 3.306 3.892 4.390 5.313 5.947 6.940
0.774 0.964 1.370 1.842 2.434 3.106
3.249
0.010 0.035 0.090 0.140 0.300 0.440 0.595 0.960
High
Very
High
Extremely
High
0.262 0.705 1.024 1.302 1.678 2.472 3.076
White
LOW AVERAGE HIGH
Extremely
Low
Very
Low
Low
Below
Average
Average
Above
Average
 
DML = Impulse values for Left foot  DMR = Impulse values for Right foot 
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The presence of a diverse number of race groups in South Africa substantiates the requirement 
for race-specific normative data pertaining to plantar pressure values. It has been established that 
both statistically and practically significant differences exist between race groups regarding 
various regions of the foot. Although the causes of the differences have yet to be established in a 
South African context, the establishment of race-specific normative data provides clinicians with 
the information necessary to make more accurate comparisons and assessments, and therefore 
ultimately make more precise diagnoses and recommendations. 
Unfortunately stanine tables could not be generated for gender-race groupings due to the 
relatively small sample size of these subgroups (30 participants per gender-race group). This may 
be of interest for future studies. 
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5.1 INTRODUCTION 
 
The biomechanics of the foot govern the motion of the center of pressure of the body during the 
gait cycle. There are various key areas of the foot, specifically on the plantar aspect, that are 
subjected to higher amounts of stress than others including the heel, second and third metatarsal 
heads as well as the great toe (Donatelli, 1985: 93; Prentice, 2009: 545). In accordance with the 
literature significant amount of normal variation exists regarding the structure of the foot, and as 
such, a corresponding range of plantar pressure and impulse values exist (Cavanagh et al., 1997: 
244; Morag & Cavanagh, 1999: 361; Hayafune et al., 1999: 89; Rai et al., 2006: 121).  
 
It was the purpose of this study to determine the plantar pressure and impulse values of students 
of a South African university of different race and gender groups. Several independent variables 
of interest were also investigated, those being height, weight, BMI and the level of physical 
activity so as to ascertain their impact on the aforementioned dependent variables. The data was 
therefore subdivided into gender-, race-, gender-race, physical activity- and gender-physical 
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activity discriminate categories, each referencing the effects of plantar pressure and impulse 
values.  
 
The importance of the proper functioning of the foot and ankle in minimizing ground reaction 
forces, providing stability and enabling effective propulsion cannot and should not be 
undermined. Variations in foot structure are commonplace and range from flat- to high-arched 
foot structures (Murley et al., 2009c: 175).  Such variations may result in abnormal pressure 
loading patterns under the numerous anatomical landmarks of the foot resulting in compensatory 
movements and postural adaptations which, in turn, may predispose the individual to injury. 
Such injuries include, but are not limited to, shin splints, medial tibial stress syndrome, lower 
extremity myopathies, as well as numerous foot, ankle, knee, hip and lower back pathologies 
(Prentice, 2009: 645).  
 
It is therefore of considerable importance to establish a range of normal pressure and impulse 
values of participants considered to be injury free so as to allow clinicians and practitioners to 
make accurate inferences regarding injury risk assessment and injury prevention programs. To 
achieve such an objective stanine tables have been established providing normative pressure and 
impulse values. The data tables provide greater insight into norms attained for various gender 
and race groups. 
 
 
5.2 BIOGRAPHIC and ANTHROPOMETRIC DATA 
Port Elizabeth is a metropolitan city comprised of various racial diversities including African 
black, white, coloured, Indian and Asian population groups (Statistics South Africa, 2010). 
Biographic data was used to describe the age, gender, race, history and level of physical activity 
of participants. Data regarding the age, gender and race of participants was correlated 
specifically to enrolment data of the Nelson Mandela Metropolitan University from 2006 to 
examine how the participant sample of this study compared with that of the university. The 
participants’ history was an important component of the exclusion criteria as important not to 
recruit participants with current lower extremity pain, injury or recent surgery.  
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Anthropometric data, such as height and weight, served a two-fold purpose. Firstly 
anthropometric data was used to calculate BMI values to ensure participants recruited for the 
study fell within normalized limits. Secondly the data was used to determine whether any 
correlations existed between the participants’ plantar pressure and impulse values and their 
respective anthropometric figures. 
 
A total of 180 participants were recruited for this study (mean age = 22.04 ± 2.36 years). This 
number included 90 males (mean age = 22.40 ± 2.55 years) and 90 females (mean age = 21.69 ± 
2.12 years), and was further subdivided according to race, namely African black, white and 
coloured. In so doing, it ensured that a total of 30 males and 30 females were present for each 
race group thus allowing for more accurate statistical analysis and interpretations. Male and 
female ratios were exactly 1:1 and therefore each gender group constituted 50% of study 
population. Males correlated to 0.87% of the total NMMU male population, whereas females 
correlated to 0.73% of the total NMMU female population. Subdivided into race groups, African 
black (n = 60), white (n = 60) and coloured (n = 60) groups recruited in the study constituted 
0.45%, 1.05% and 2.01% of the total NMMU student population respectively. Unfortunately 
Indian/Asian participants did not form part of the study sample as the number of participants 
from this race group were too few and therefore did not meet the required number for statistical 
analysis and comparison purposes. 
 
Pertaining to specific anthropometric data statistical significance was indicated for certain 
regions of the foot due to the fact that males were, on average, 12.43 kg heavier and 12.01 cm 
taller than their female counterparts. However, no practically significant relationships were 
established between the plantar pressure and impulse values obtained and the various gender and 
race subgroups relating to height, weight, or BMI.  
 
 
5.3 FACTORS ASSOCIATED WITH PLANTAR PRESSURE AND IMPULSE VALUES 
Pressure values and impulse figures were collected by instructing participants to walk across the 
RS Scan pressure platform using the 2-step gait initiation protocol at a predetermined gait that 
was accepted only if the gait velocity ranged between 1.20 to 1.60 m/s. Three consecutive 
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footsteps were recorded on the pressure platform for a total of ten trials, thus yielding a total of 
30 footprints (15 per foot) per participant. These were then individually analysed for sensor 
position, corrected and interpreted. Each footprint was subdivided into ten anatomical landmarks 
(hallux, lesser toes, metatarsal 1, metatarsal 2, metatarsal 3, metatarsal 4, metatarsal 5, midfoot, 
lateral heel and medial heel) to allow for specific pressure and impulse analyses for each sensor 
area. These variables were then grouped into one of three regions, namely the forefoot, midfoot 
or heel, with the categorization being as follows: 
 Forefoot = hallux, lesser toes, metatarsal 1, metatarsal 2, metatarsal 3, metatarsal4 and 
metatarsal 5. 
 Midfoot = Midfoot 
 Heel = lateral heel and medial heel 
These three regions were then summarized in a fourth category which averaged the values 
obtained for the forefoot, midfoot and heel regions to allow for greater interpretation regarding 
the values observed in the right and left foot overall. This allowed one to compare whole foot 
values between the numerous gender and race groups.  
5.3.1 Gender 
Although height, weight and BMI disparities were evident, these values yielded no practical 
significance when related to the pressure and impulse figures. This indicated that anthropometric 
values alone could not account for the pressure and impulse discrepancies. 
Regarding the ten specific sensor areas, mean peak pressures were exerted over the second and 
third metatarsal heads of the right and left foot respectively. Mean peak impulse values were 
located under the third metatarsal head of both feet. In terms of overall regions of the foot, the 
highest pressure and impulse values overall were observed under the heel region, followed 
closely by the forefoot region. The lowest values were observed in the midfoot which may be 
attributed to the structure of the medial longitudinal arch. Only the values obtained for the 
forefoot were found to be of any statistical and practical significance when examining the overall 
gender group. Furthermore, specific differences were observed when comparing the various 
gender-race groups as discussed in section 5.3.3. 
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5.3.2 Race 
Although research has indicated the presence of racial differences regarding plantar pressure and 
impulse figures, no research as yet had been conducted in a South African context concerning 
pressure and impulse values of the normal population. 
This study focused on three different race groups, namely African black, white and coloured 
population groups, as these made up the largest percentage of not only the South African 
demographic as a whole (97.50%), but also that of the Nelson Mandela Metropolitan University 
(97.76%). 
Racial pressure and impulse differences were abundant with dissimilarities being most apparent 
between the white and black population groups as well as between white and coloured 
population groups, specifically under the forefoot and midfoot regions. Mean pressure values 
pertaining to the forefoot for the black, white and coloured groups were 16.92 (± 7.33) N/cm
2
, 
12.48 (± 3.28) N/cm
2
, and 13.20 (± 7.20) N/cm
2
 respectively. The midfoot region yielded 
significantly different values over the left and right feet, especially between black and white 
population groups. Mean midfoot pressure values for black, white and coloured groups were 4.10 
(± 2.72) N/cm
2
, 2.62 (± 1.52) N/cm
2
, and 4.42 (± 5.2) N/cm
2
 respectively. Lastly, the heel region 
exhibited the highest pressure values overall, with the figures for black, white and coloured 
groups being 20.02 (± 8.32) N/cm
2
, 19.68 (± 4.92) N/cm
2
 and 21.43 (± 11.91) N/cm
2
 
respectively. Only the observed differences of the forefoot and midfoot regions were found to be 
statistically and practically significant. 
Impulse values for the right forefoot and midfoot regions were found to be of statistical and 
practical significance. Both black and coloured participants yielded the largest values in this 
region of the foot, namely 3.30 (± 1.39) Ns/cm
2
 and 3.19 (± 1.75) Ns/cm
2
 respectively. White 
participants on the other hand obtained considerably lower values of 2.61 (± 0.92) Ns/cm
2
. 
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5.3.3 Gender-Race 
The gender-race category provides the greatest insight into pressure and impulse differences as it 
the most specific with regards to simultaneous gender and race comparisons.  
It was previously made clear that black individuals yielded the highest pressure values, 
specifically in the forefoot and heel regions. It is now evident that these values were primarily 
accredited to black females who yielded significantly higher values than all other subgroups in 
these regions (Forefoot: 22.60 ± 6.00 N/cm
2
; Heel: 26.13 ± 6.82 N/cm
2
). Black males, on the 
other hand, exhibited the lowest values in the forefoot and heel regions (Forefoot: 11.23 ± 2.54 
N/cm
2
; Heel: 13.91 ± 4.14 N/cm
2
). The highest values in the midfoot area were possessed by 
coloured males (5.46 ± 6.64 N/cm
2
), whereas the lowest midfoot figures were ascribed to white 
males (2.49 ± 1.54 N/cm
2
). Both statistical and practical significance was indicated in the 
forefoot, midfoot and heel regions with specific reference to the differences observed between 
black females and all other gender-race subgroups. 
Although impulse figures were closely correlated to the pressure values, some minor differences 
were apparent. The largest impulse figures of the forefoot were still accredited to the black 
female population (4.23 ± 1.24 Ns/cm
2
), however, the largest impulse values of the midfoot and 
heel belonged to the coloured male population (Midfoot: 1.54 ± 2.53 Ns/cm
2
; Heel: 6.35 ± 7.58 
Ns/cm
2
). The lowest midfoot values were those of the white female population (0.55 ± 0.38 
Ns/cm
2
), closely followed by the white male population (0.58 ± 0.39 Ns/cm
2
) and black male 
population (0.78 ± 0.46 Ns/cm
2
). Only the values of the right forefoot and hence right overall 
foot were found to be of statistical and practical significance. This was especially true for values 
obtained for black females when compared against those of the other gender-race subgroups. 
  
5.3.4 Physical Activity 
Of interest was whether a relationship existed between the participant’s level of physical activity, 
with specific reference to exercise and sport, and the pressure values and impulse figures 
obtained for that participant as no literature or data existed in this regard. 
The results showed that small degrees of practical significance were present regarding impulse 
values of the right forefoot only when progressing from moderate to high levels of physical 
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activity. However no significance levels were indicated with regards to the pressure values 
obtained. 
This understanding changed however when the level of physical activity was linked to the race 
of the individual, as may be seen in the subsequent section pertaining to race-physical activity 
interactions. 
  
5.3.5 Race-Physical Activity 
The findings of this section were of interest in that significant pressure differences were observed 
in the left forefoot region for race groups of differing levels of physical activity. As such, black 
participants of low levels of physical activity and coloured participants of moderate levels of 
physical activity demonstrated the largest plantar pressure values in this region of the foot (17.99 
± 7.30 N/cm
2
 and 18.85 ± 10.85 N/cm
2
 respectively). The lowest pressure values were ascribed 
to the following race-physical activity subgroups, namely white participants of all levels of 
physical activity, and coloured participants of low and high physical activity levels, with the 
average values being 12.69 (± 3.55) N/cm
2
. Statistical and practical significance levels were 
indicated between black and coloured participants of low physical activity levels as well as 
between coloured participants of low physical activity levels and coloured participants of 
moderate levels of physical activity. 
The right forefoot yielded similar results in that the largely sedentary black population subgroup 
and moderately active coloured subgroups obtained the highest pressure values of 17.74 (± 7.79) 
N/cm
2
 and 17.95 (± 9.05) N/cm
2
 respectively. The lowest pressure were again attributed to the 
white population group of moderate and high physical activity levels, as well as the coloured 
group of low physical activity levels. These interactions were all considered to be of high 
practical significance as indicated by the Cohen’s d statistical test. 
Impulse values indicated the presence of statistical and practical significance in both the right 
forefoot and heel areas. In this instance however, the moderately active coloured participants 
were dubbed with the largest impulse values over both regions of the right foot (Forefoot: 4.43 ± 
2.01 Ns/cm
2
; Heel: 8.53 ± 10.22 Ns/cm
2
). The smallest impulse values of the right forefoot were 
almost identical between the moderately and highly active white participants in addition to the 
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mostly sedentary coloured race group (2.51 ± 0.82 Ns/cm
2
, 2.61 ± 0.52 Ns/cm
2
, and 2.51 ± 1.25 
Ns/cm
2
 respectively).  These interactions were found to be of statistical significance as indicated 
by the post-hoc Scheffè test (p < .05) and of high practical significance by the Cohen’s d 
statistical test (d > 0.8). 
 
5.4 CORRELATIONS OF ANTHROPOMETRIC DATA 
Height, weight and body mass index were correlated to plantar pressure and impulse values of 
the left and right feet separately. 
Height was found to be statistically significant (p < .05) for pressures experienced at the left 
forefoot, left overall foot, right forefoot, right heel and right overall foot. However, these values 
were not found to be practically significant (r < .30). Impulse values were also found to be 
statistically significant in the heel region, however this was also deemed practically insignificant. 
Weight revealed statistical significance (p < .05) regarding pressures experienced in the left 
midfoot region as well as for impulse values of the right forefoot and overall foot regions. These 
values were all verified to be of no practical significance (r < .30). 
Body mass index followed suit in that certain regions of the foot were found to be statistically 
significant in respect of BMI, but not practically. Statistical significance was indicated for the 
left forefoot, midfoot and overall foot regions as well as the right forefoot and overall foot region 
with regards to pressure values. Impulse values on the other hand, were only deemed significant 
for the right forefoot and overall foot regions. Again no practical significance was validated. 
 
5.5 FINDINGS OF THE STUDY 
It was the primary aim of this study to compare the plantar pressure distribution patterns and 
impulse values of students of a South African university aged 18-30 years of different gender 
and race groups. This information was then utilized to generate reference data for the normal 
population in the form of normative tables, thereby allowing for the categorization of 
participant’s pressure and impulse data into one of nine stanine classifications. 
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In order to achieve the principal aim, two research objectives were set with specific strategies 
and investigations having been established so as to meet these objectives. The findings of this 
study pertaining to these objectives are stated below: 
 5.5.1 To determine whether height, weight, BMI, gender, race and the level of physical 
activity were related to dynamic plantar foot pressure and impulse values of the sampled 
population, the following were found: 
 Ultimately the data was used to describe the areas and regions of the foot that were 
subjected to the largest and smallest pressure and impulse values and the possible 
implications thereof.  
 Although the anthropometric variables of height, weight and BMI were found to be 
statistically significant under various regions of the foot, none were deemed to be of any 
practical significance. This indicated that variances in the anthropometric variables alone 
could not attune for the differences in plantar pressure and impulse values observed in the 
feet. 
 All differences observed were tested at the 95% confidence level, with statistically 
significant differences (p < .05) being tested further for practical significance using the 
Cohen’s d test (d < 0.20 = no practical significance; d > 0.20 = small practical 
significance; d > 0.50 = moderate practical significance; d > 0.80 = large practical 
significance).  
 The gender-race groupings were found to be statistically and practically significant, 
specifically under the forefoot, midfoot and heel regions, with black females and 
coloured males generally yielding the highest pressure and impulse values, whereas both 
black and white males exhibited the lowest pressure and impulse figures under these 
areas. 
 Physical activity was also deemed statistically and practically significant primarily 
referring to the impulse values of the forefoot when transitioning from moderate to high 
levels of physical activity. Physical activity levels may therefore be a contributing factor 
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to the different pressure and impulse values obtained, although more research in this 
regard is warranted. 
 The race-physical activity interaction shed additional light on the matter in that it 
revealed the largely sedentary black groups and moderately active coloured groups to 
exhibit the largest pressure and impulse values, with practical significance being 
exhibited for the forefoot regions. Conversely, highly active black and coloured groups, 
white groups overall, as well as largely sedentary coloured groups demonstrated the 
lowest pressure and impulse values under the forefoot regions. 
5.5.2 To describe the dynamic plantar foot pressure distribution patterns and impulse 
values and to generate reference tables for the following groups: 
 The attainment of the plantar pressure and impulse data led to the generation of reference 
tables for normal, injury free feet that may be utilized by practitioners and health 
professionals alike to identify plantar pressure and impulse values that fall outside the 
ascribed normal limits. 
 The data was used to generate stanine tables regarding the plantar pressure and impulse 
values for the group as a whole as well as for each gender and race subgroup. This 
allowed one to describe the specific values obtained under a precise area of the foot and 
categorize it as “extremely low”, “very low”, “low”, “below average”, “average”, “above 
average”, “high”, “very high”, or “extremely high” compared to that of the group. 
 
5.6 LIMITATIONS OF THE STUDY 
Plantar pressure and impulse data relating to gender-race comparisons are extremely rare. Any 
race-based studies found were usually inclined to focus on special population groups such as 
elite athletes (Gurney et al., 2009: 556) or pathological conditions (Gasperino et al., 1995: 31; 
Griffin & Richmond, 2005: 256; Solano et al., 2007: 506; Putti et al., 2009: 196). Only two 
South African studies were found pertaining to plantar pressure values, but these also focused on 
elite athletes (Rapoo, 2010: 23) and pathological conditions (Manley & Solomon, 1979: 111). 
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The reference data established in this study relates to students of the Nelson Mandela 
Metropolitan University in the 18 to 30 year age cohort. Research has clearly shown that plantar 
pressures are affected by age, and the reference data generated may therefore not relate to older 
or younger age cohorts.  
It is assumed that all participants were open and honest in the completion of the questionnaire 
and that questions were answered as truthfully as possible. Validation of this was not possible. 
Although a total of 180 participants were sampled (African black: n = 60; white: n = 60; 
coloured: n = 60), these numbers were not sufficiently representative of the NMMM in that 
certain race groups may either be slightly over or under represented (Statistics SA, 2009; 
Metromediasa, 2010). 
5.7 CONLUSIONS 
In line with the aim of this study, the following conclusions were generated: 
 Although the largest pressure and impulse values were observed under the second and 
third metatarsal heads of the forefoot when the ten individual foot regions were 
considered, the overall largest pressure and impulse values were ascribed to the heel 
region of the foot, closely followed by the forefoot region when the foot was subdivided 
into three subregions. The midfoot region yielded the lowest pressure and impulse values. 
In accordance with these specific objectives of this study, the following specific conclusions 
could be drawn: 
 Anthropometric measurements of height, weight and BMI were of statistical significance 
(p < .05) but not of practical significance (r < .30). 
 Plantar pressure values were found to be both statistically and practically significant 
under the left and right forefoot and midfoot regions pertaining to the different race 
groups.  
 Impulse figures were established to be of statistical and practical significance in the right 
forefoot and midfoot regions only. 
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 Gender-race pressure interactions were deemed statistically and practically significant in 
the left forefoot, midfoot and heel regions as well as the right forefoot and heel regions. 
 Gender-race impulse interactions were only found to be significant under the right 
forefoot region. 
 Physical activity effect was found to be statistically and practically significant under the 
right forefoot region in the transition between moderate to high levels of activity 
regarding impulse values. 
 Race-physical activity pressure interactions were also deemed statistically and practically 
significant regarding both the left and right forefoot regions. Moderately active coloured 
participants as well as moderately active black participants tended to exhibit the largest 
values in these regions. The lowest pressure values in this region were obtained by the 
moderately and highly active white population groups as well as largely sedentary 
coloured participants. 
 Race-physical activity impulse interactions revealed similar results to plantar pressure in 
the right forefoot region which was deemed statistically and practically significant. In this 
instance however, both largely sedentary as well as moderately active coloured 
participants yielded the largest impulse figures. The lowest impulse values on the other 
hand were exhibited by the moderately and highly active white population groups as well 
as highly active black participants. 
 
5.8 RECOMMENDATIONS FOR FUTURE RESEARCH 
The reference data that was established in this study pertained to normal, injury free feet and 
therefore excludes participants that may have experienced previous injuries. It would therefore 
be of interest to compare pressure and impulse differentials between normal and pathological 
feet in a South African context. In other words, to determine whether higher or lower impulse 
and pressure values than those obtained in this study predispose one to injury. 
The testing equipment may also be a limiting factor as many variations of testing equipment are 
available in the market. Although most of these can generate pressure and impulse data, the 
Plantar Pressure and Impulse Values of Students of a South African University • Chapter 5: Summary, Conclusion and Recommendations • 139 
Nelson Mandela Metropolitan University • Department of Human Movement Science  
concern remains regarding the transferability of the generated norms. Comparing values obtained 
from the RS Scan system to those of other systems would therefore be of interest. 
Data gathered relates to students of the Nelson Mandela Metropolitan University within the 18-
30 year age cohort. It would therefore be recommended to include other regions in South Africa 
as well as both older and younger age cohorts, thereby establishing a much broader reference 
base. 
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APPENDIX A: 
LETTER TO THE PARTICIPANT INFORMING THEM OF THE STUDY AND REQUESTING 
THEIR PARTICIPATION 
 
 
 
• PO Box 77000 • Nelson Mandela Metropolitan University 
• Port Elizabeth • 6031 • South Africa • www.nmmu.ac.za 
Faculty of Health Sciences 
Department of Human Movement Science  
Tel: +27 (0)41-504 2497 Fax: +27 (0)41-504 2770 
E-mail:   mark.remark@hotmail.com 
 
  March 2007 
Dear Participant 
 
You are being asked to participate in a research study with the primary aim of identifying and 
comparing the plantar foot pressure distribution patterns of students of a South African 
university using the RS Footscan ® system. The effect of factors such as gender, age, ethnicity 
and level of physical activity on the plantar foot pressure distribution patterns will also be 
determined.   
 
All that will be required from you as the participant is, firstly, to complete a questionnaire 
detailing information regarding your demographics including gender, ethnicity, age, place of 
birth, injury/medical history as well as level of physical activity. This information will be used 
for statistical purposes to determine if a correlation exists between plantar foot pressure values 
and the aforementioned variables.  
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Secondly, physical measurements of height and weight will be required of you as the participant 
so as to determine whether or not you fall within the normal body mass index (BMI) score of 
between 18.1-24.9 kg/m
2
. Scores beyond these values unfortunately fall outside the scope of this 
research study. You will be required to wear minimal clothing (T-shirt and shorts) as this will 
affect your weight measurement. 
 
Lastly you will be required to perform 10 successful walking trials across a 2m pressure 
platform. This gives an indication of the plantar pressure distribution pattern exerted on the sole 
of your foot. This measurement is non invasive and extremely simple as it simply involves 
normal walking at a speed of approximately 5km/hour.  
 
Information obtained from these measurements may benefit you, the participant, by providing 
you with information regarding appropriate shoe wear depending on the results of the plantar 
pressure values. The primary benefit of corrective shoe wear includes injury prevention, for 
example, over-pronation has been associated with ankle, knee, hip and even lower back pain, 
whereas excessive supination has been associated with shin splints in runners. 
 
To participate, it will be required of you to provide written consent that will include your 
signature, date and initials to verify that you understand and agree to the conditions. 
 
You have the right to query concerns regarding the study at any time. Immediately report any 
new problems during the study, to the researcher.  
 
Furthermore, it is important that you are aware of the fact that the study has to be approved by 
the Research Ethics Committee (Human) (REC-H) of the university. The REC-H consists of a 
group of independent experts that has the responsibility to ensure that the rights and welfare of 
participants, in research are protected and that studies are conducted in an ethical manner.  
Studies cannot be conducted without RECH’s approval. Queries with regard to your rights as a 
research participant can be directed to the Research Ethics Committee (Human). 
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If no one could assist you, you may write to: The Chairperson of the Research, Technology and 
Innovation Committee, PO Box 77000, Nelson Mandela Metropolitan University, Port Elizabeth, 
6031. 
 
Participation in research is completely voluntary. You are not obliged to take part in any 
research.  If you choose not to participate your choice will be respected. 
 
If you do partake, you have the right to withdraw at any given time, during the study without 
penalty or loss of benefits. 
 
Although your identity will, at all times remain confidential the results of the research study may 
be presented at scientific conferences or in specialist publications.  
 
Testing will take place daily at the Biokinetics and Sports Science Unit, South Campus of the 
Nelson Mandela Metropolitan University, Building 11 on the Lower ground, between 10:00-
12:00 and 14:00-16:00. 
 
This informed consent statement has been prepared in compliance with current statutory 
guidelines. 
 
Yours sincerely 
 
 
----------------------------------     ----------------------------------- 
Mark Kramer       Prof. R. Du Randt 
Researcher       Supervisor 
Tel: 072 064 7462      Tel: (041) 504-2499 
Mark Kramer • 2011 • 150 
Nelson Mandela Metropolitan University • Department of Human Movement Science  
APPENDIX B: 
INFORMATION AND INFORMED CONSENT FORM 
 
Title of the research project 
 
Dynamic Plantar pressure distribution patterns of students of a 
South African university of different ethnic and gender groups. 
. 
Reference number 
 
 
Principal investigator 
 
Mark Kramer 
Address 
 
 
Postal Code 
Nelson Mandela Metropolitan University 
Department of Human Movement Science 
Summerstrand 
6001 
Contact telephone number 041-504 2603 
 
 
 
A. DECLARATION BY OR ON BEHALF OF PARTICIPANT 
 (Person legally competent to give consent on behalf of the participant) 
 
Initial 
 
I, the participant and the 
undersigned……………………………………………………(name)  
I.D. number ………………………………………… in my capacity as participant 
of………………………………………………………………………………………… 
…………………………………………………………………………………(address) 
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A.1 I HEREBY CONFIRM AS FOLLOWS: 
 
 
1. I, the participant, was invited to participate in the above-mentioned research 
project that is being 
 undertaken by Mark Kramer of the Department of Human Movement Science 
in the Faculty of Health Sciences of the Nelson Mandela Metropolitan 
University. 
 
2. The following aspects have been explained to me, the participant: 
2.1 Aim:   
Dynamic Plantar pressure distribution patterns of students of a South African 
university of different ethnic and gender groups. 
2.2         Objectives: 
2.2.1 To determine whether a correlation exists between dynamic plantar pressure and 
gender; ethnicity; age and physical activity levels. 
 
 
2.3 Procedures: No invasive procedures will be followed. 
 
 
 
2.4 Risks: There are no risks involved, as the project does not require invasive 
procedures. 
 
 
2.5 Possible benefits:   
1. Results of the research may be used for normative data. 
 
 
 
2.6 Confidentiality:  My identity will not be revealed in any discussion, 
description or scientific publications by the investigators. 
 
 
 
2.7 Access to findings:  Any new information/or benefit that develops during the 
course of the study will be shared with the relevant faculties involved and the 
participant. 
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2.8 Voluntary participation/refusal/discontinuation:   
 My participation is voluntary 
 
 My decision whether or not to participate will in no way affect my present or 
future university, or any other, career. 
 
 YES  NO 
 TRUE  FALSE 
 
 
3. The information above was explained to me/the participant by Mark Kramer in 
English and I am in command of this language. I was given the opportunity to 
ask questions and all these questions were answered satisfactorily. 
 
 
4. No pressure was exerted on me to consent to participation and I understand that 
I may withdraw at any stage without penalization. 
 
 
5. Participation in this study will not result in any additional cost to me. 
 
 
 
A.2 I HEREBY VOLUNTARILY CONSENT TO PARTICIPATE IN THE 
ABOVE- MENTIONED  PROJECT  
 
 Signed/confirmed 
at……………………………..on…………………………2010  
  
 
 
 
 
 
 
Signature of participant 
 
 
 
Signature of witness 
 
 
 
Full name of witness 
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B. STATEMENT BY OR ON BEHALF OF INVESTIGATOR(S) 
 
I, Mark Kramer declare that 
- I have explained the information given in this document 
to……………………………………….. 
 
              (name of participant) 
- he/she was encouraged and given ample time to ask me any questions; 
- this conversation was conducted in English and no translator was used  
 
 Signed/confirmed at 
………………………………on…………………………………..2010 
    
 
 
 
 
Signature of interviewer 
 
 
Signature of witness 
 
 
Full name of witness 
 
 
 
C. IMPORTANT MESSAGE TO PARTICIPANT 
Dear participant, 
 
Thank you for your participation in this study.  Should you require any further 
information with regard to the study, kindly contact Mark Kramer at telephone number 
041-504 2603.  
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APPENDIX C: EVALUATION FORM 
Evaluation Form
Date: Time: Ref nr:
Measurements (official use)
Surname: Weight: . kg
Name: Height: . cm
Student Number: Shoe Size: . UK
Gender: M F
Race:
Other:
Age:
Date of Birth: (dd/mm/yyyy)
Home language:
Place/Country of Birth:
Qualification enrolled for:
Questions *please tick the appropriate box
1 Do you currently have any foot pain or deformity (e.g. bunions, pressure sores etc)? What side of the body?
No
L R L R L R L R R R
1.1 If "Yes", please specify when it occurred:
2 Have you injured any part of your LOWER extremity within the past 12 months (e.g. lower 
 back, hip, knee, ankle or foot)?
No
2.1 If "Yes", please specify injury site and what side of the body:
L R L R L R L R L R L R L R
3 Have you had any surgery of your LOWER extremity? No
3.1 If "Yes", please specify what kind of surgery and what side of the body:
L R L R L R L R L R L R L R
3.2 Please specify below how many months ago this took place:
4 Do you suffer from Diabetes? No
4.1 If "Yes", please specify:
5 Do you require the use of a walking aid (e.g. crutches, walker etc)? No
6 Do you currenly participate in any Physical Activity?
6.1 <30 30-44 45-59 60-74 75-89 >90 1 2 3 4 5 6 7
6.2 <30 30-44 45-59 60-74 75-89 >90 1 2 3 4 5 6 7
6.3 <30 30-44 45-59 60-74 75-89 >90 1 2 3 4 5 6 7
L R LL
No
Low
Frequency per weekDuration (Minutes)
High
Moderate High
Intensity
Participant Information
6-12 months
12-18 months > 18 months
Hip
Foot Shin Knee
< 6 
months
Type I
Thigh
Yes
< 6 6-12 months
Sport/Activity
L = Left side of body  R 
= Right side of body
Yes
Lower 
Back
L = Left side of body  R 
= Right side of body
Hip
Yes
Type II
Black 
African
White Coloured Indian/ Asian
Lower 
Back
Knee Thigh
> 18 months12-18 months
Low Moderate High
Low Moderate
Yes
Foot Ankle Shin
Ankle
Yes
Hammer/ 
Mallet toes
Tarsal 
Fracture
Yes
Bunions Ankle Sprain
Pressure 
Sores
Callis
Metatarsal Stress 
Fracture
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APPENDIX D: DETAILS OF COMPARISONS BY RACE AND GENDER 
Note that in the tables in this appendix, values above the diagonal are p-values for Tukey’s HSD 
Test (statistical significance) and below the diagonal are Cohen’s d values (practical 
significance). 
Table D.1 –Race – Height (cm) 
d.f. F p Black White Coloured
Black 60 168.4 8.04 0.004 0.986
White 60 172.2 8.90 0.45 0.006
Coloured 60 168.6 9.35 N/A 0.39
Race
Cohen's d                Tukey's HSD
0.0026.60
t-test Statistic
n Mean S.D.
2; 174
 
Table D.2 – Race – Weight (kg) 
d.f. F p Black White Coloured
Black 60 65.32 11.00 0.012 0.993
White 60 70.45 13.01 0.43 0.009
Coloured 60 65.13 11.35 N/A 0.44
0.0045.612; 174
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
  
Table D.3 – Gender.Race – Weight (kg) 
d.f. F p
Female.
Black
Female. 
White
Female. 
Coloured
Male.Black Male.White Male.Coloured
Female.Black 61.52 9.09 1.000 0.961 0.033 0.000 0.003
Female.White 61.35 8.96 N/A 0.973 0.027 0.000 0.003
Female.Coloured 59.39 9.65 N/A N/A 0.002 0.000 0.000
Male.Black 69.13 11.6 0.73 0.75 0.92 0.001 0.984
Male.White 79.55 9.64 1.92 1.96 2.09 0.98 0.009
Male.Coloured 70.87 10 0.98 1.00 1.17 N/A 0.88
2; 174 0.013430.40
Cohen's d                                                                          Tukey's HSD
Gender.Race n Mean S.D.
t-test Statistic
 
 
Table D.4 – Gender.Race – BMI (kg/m2) 
d.f. F p
Female.
Black
Female. 
White
Female. 
Coloured
Male.Black Male.White Male.Coloured
Female.Black 23.13 3.25 0.934 0.985 1.000 0.219 1.000
Female.White 22.37 3.04 N/A 1.000 0.990 0.018 0.938
Female.Coloured 22.59 3.75 N/A N/A 0.999 0.041 0.986
Male.Black 22.87 3.11 N/A N/A N/A 0.105 1.000
Male.White 24.91 2.69 N/A 0.88 0.71 N/A 0.213
Male.Coloured 23.12 2.46 N/A N/A N/A N/A N/A
2; 174 3.29 0.040
Gender.Race n Mean S.D.
t-test Statistic Cohen's d                                                                          Tukey's HSD
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Table D.5 – Race – Impulse values for Left Foot: Toe1 (Ns/cm2) 
d.f. F p Black White Coloured
Black 60 2.24 2.05 0.284 0.074
White 60 1.69 0.92 N/A 0.001
Coloured 60 3.03 2.81 N/A 0.64
0.0016.922; 174
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.6 – Race – Impulse values for Left Foot: Meta5 (Ns/cm2) 
d.f. F p Black White Coloured
Black 60 2.66 1.8 0.001 0.600
White 60 1.37 0.78 0.40 0.022
Coloured 60 2.32 2.8 N/A 0.65
2; 174 7.03 0.001
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.7 – Race – Impulse values for Left Foot: Heel-Medial (Ns/cm2) 
d.f. F p Black White Coloured
Black 60 4.06 1.82 0.710 0.009
White 60 4.57 1.35 N/A 0.078
Coloured 60 5.95 5.82 0.44 N/A
2; 174 4.67 0.011
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.8 – Race – Impulse values for Left Foot: Heel-Lateral (Ns/cm2) 
d.f. F p Black White Coloured
Black 60 4.27 2.41 0.449 0.367
White 60 3.66 1.37 N/A 0.028
Coloured 60 4.96 4.33 N/A 0.40
2; 174 3.27 0.040
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.9 – Race – Impulse values for Right Foot: Meta-3 (Ns/cm2) 
d.f. F p Black White Coloured
Black 60 5.69 2.46 0.037 0.686
White 60 4.59 1.73 0.52 0.231
Coloured 60 5.32 3.32 N/A N/A
2; 174 3.14 0.046
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
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Table D.10 – Race – Impulse values for Right Foot: Meta-4 (Ns/cm2) 
d.f. F p Black White Coloured
Black 60 4.11 1.90 0.000 0.327
White 60 2.69 1.09 0.92 0.003
Coloured 60 3.68 2.00 N/A 0.61
2; 174 11.71 0
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.11 – Race – Impulse values for Right Foot: Meta-5 (Ns/cm2) 
d.f. F p Black White Coloured
Black 60 2.12 1.49 0.000 0.029
White 60 1.12 0.69 0.85 0.045
Coloured 60 1.60 1.23 0.38 0.48
2; 174 12.19 0
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.12 – Race – Impulse values for Right Foot: Midfoot (Ns/cm2) 
d.f. F p Black White Coloured
Black 60 1.06 0.91 0.000 0.987
White 60 0.42 0.29 0.95 0.000
Coloured 60 1.08 1.31 N/A 0.70
2; 174 10.35 0
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.13 – Race – Impulse values for Right Foot: Heel-Medial (Ns/cm2) 
d.f. F p Black White Coloured
Black 60 4.97 2.60 0.251 0.289
White 60 4.21 1.23 N/A 0.006
Coloured 60 5.68 4.00 N/A 0.50
2; 174 4.78 0.009
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.14 – Race – Pressure values for Left Foot: Toe1 (N/cm2) 
d.f. F p Black White Coloured
Black 60 15.73 12.81 0.014 0.798
White 60 10.42 4.91 0.55 0.002
Coloured 60 16.93 13.79 N/A 0.63
2; 174 6.75 0.002
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
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Table D.15 – Race – Pressure values for Left Foot: Meta2 (N/cm2) 
d.f. F p Black White Coloured
Black 60 24.00 11.71 0.040 0.098
White 60 20.31 6.73 0.39 0.929
Coloured 60 20.86 9.23 N/A N/A
2; 174 3.43 0.034
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.16 – Race – Pressure values for Left Foot: Meta3 (N/cm2) 
d.f. F p Black White Coloured
Black 60 30.20 12.27 0.009 0.004
White 60 24.60 7.99 0.54 0.968
Coloured 60 24.14 13.21 0.48 N/A
2; 174 6.34 0.002
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.17 – Race – Pressure values for Left Foot: Meta4 (N/cm2) 
d.f. F p Black White Coloured
Black 60 21.44 8.78 0.000 0.000
White 60 14.15 5.01 1.02 0.487
Coloured 60 15.77 9.90 0.61 N/A
2; 174 14.47 0.000
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.18 – Race – Pressure values for Left Foot: Meta5 (N/cm2) 
d.f. F p Black White Coloured
Black 60 12.25 8.93 0.000 0.018
White 60 5.68 2.94 0.99 0.068
Coloured 60 8.63 9.50 0.39 N/A
2; 174 12.21 0.000
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.19 – Race – Pressure values for Right Foot: Toe1 (N/cm2) 
d.f. F p Black White Coloured
Black 60 16.63 11.93 0.032 0.718
White 60 12.25 6.04 0.46 0.189
Coloured 60 15.28 11.71 N/A N/A
2; 174 3.33 0.038
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
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Table D.20 – Race – Pressure values for Right Foot: Meta2 (N/cm2) 
d.f. F p Black White Coloured
Black 60 26.05 13.28 0.008 0.067
White 60 20.98 7.25 0.47 0.728
Coloured 60 22.27 10.84 N/A N/A
2; 174 4.81 0.009
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.21 – Race – Pressure values for Right Foot: Meta3 (N/cm2) 
d.f. F p Black White Coloured
Black 60 27.36 12.73 0.000 0.000
White 60 19.63 6.42 0.77 0.608
Coloured 60 21.15 9.89 0.54 N/A
13.01 0.0002; 174
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.22 – Race – Pressure values for Right Foot: Meta4 (N/cm2) 
d.f. F p Black White Coloured
Black 60 18.66 10.03 0.000 0.002
White 60 10.34 3.74 1.10 0.006
Coloured 60 14.30 8.23 0.48 0.62
2; 174 20.75 0.000
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.23 – Race – Pressure values for Right Foot: Meta5 (N/cm2) 
d.f. F p Black White Coloured
Black 60 9.96 7.93 0.000 0.001
White 60 4.71 2.68 0.89 0.134
Coloured 60 6.49 5.20 0.52 N/A
2; 174 16.51 0.000
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
 
Table D.24 – Race – Pressure values for Right Foot: Midfoot (N/cm2) 
d.f. F p Black White Coloured
Black 60 4.30 3.29 0.002 0.995
White 60 1.98 1.14 0.94 0.001
Coloured 60 4.37 5.67 N/A 0.58
2; 174 7.91 0.001
Race n Mean S.D.
t-test Statistic Cohen's d                Tukey's HSD
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Table D.25 – Physical Activity – Pressure values for the Right Midfoot (N/cm2) 
d.f. F p Low Moderate High
Low 85 7.82 27.88 0.823 0.068
Moderate 59 5.28 25.69 0.09 0.028
High 36 19.00 22.82 0.42 0.56
Physical Activity n Mean S.D.
t-test Statistic Cohen's d                    Scheffè
1; 159 4.34 .015
 
Table D.26 – Athropometric Impulse and Pressure Correlations 
Variable Foot Region Height Weight BMI
ForeFoot .051 .065 .053
MidFoot .107 .101 .065
Heel .062 .051 .025
Foot .071 .071 .046
ForeFoot -.038 .186 .273
Midfoot .058 .123 .134
Heel .022 .110 .123
Foot .017 .156 .191
ForeFoot -.238 -.013 .171
Midfoot -.014 .192 .273
Heel -.142 .015 .129
Foot -.181 .042 .200
ForeFoot -.240 .019 .218
Midfoot .018 .108 .145
Heel -.164 .010 .139
Foot -.179 .039 .197
Right
Left
Right
Left
P
re
s
s
u
re
Im
p
u
ls
e
 
Table D.26 represents the correlation of impulse and pressure values, obtained under each region 
of the foot, to the differences in height, weight and BMI measurements of all participants. This 
was done to determine whether height, weight and BMI could account for the differences in 
impulse and pressure values obtained. The analysis of covariance (ANCOVA) test was used to 
establish the presence of a statistically significant relationship between the abovementioned 
variables. Post-hoc testing values there were found to be statistically significant (|r| ≥ .146) are 
highlighted in Table D.26. Post-hoc testing however revealed no practically significant 
differences (|r| < .30) for the abovementioned variables and are therefore not deemed noteworthy. 
